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FOREWORD 


(| eae success of the propagation program was the 
result of the wholehearted cooperation of many in- 
dividuals in the various organizations concerned, not 
only in this country but in England, Canada, New 
Zealand, and Australia. The magnitude of the research 
work accomplished was possible only because of the 
willingness of the workers in many organizations to 
undertake their parts of the overall program. In fact, 
the entire program of the Committee on Propagation 
was carried out without the necessity of the Committee 
exercising directive authority over any project. 

Dr. Hubert Hopkins of the National Physical Labo- 
ratory in England and Mr. Donald E. Kerr of the 
Radiation Laboratory at the Massachusetts Institute 
of Technology, who were working on this phase of the 
war effort when the Propagation Committee was 
formed, were instrumental in giving a good start to 
its activities. The largest single group working for the 
Committee was under Mr. Kerr. 

The existence of a common program for the United 
Nations in radio-wave propagation resulted from the 
splendid cooperation given the Propagation Mission 
to England by Sir Edward Appleton and his Ultra 
Short Wave Panel. Later, through the cooperation of 
Canadian. engineers and scientists, Dr. W. R. Mc- 
Kinley of the National Research Council of Canada 
and Dr. Andrew Thomson of the Air Services Meteor- 
ological Division, Department of Transport, Toronto, 

Janada, undertook to carry on a part of the program 
originally assigned to the United States. The program 
was further rounded out by the willingness of the New 
Zealand Government to undertake an experiment for 
which their situation was particularly favorable. Dr. 
F. E. 8. Alexander of New Zealand and Dr. Paul A. 
Anderson of the State College of Washington initiated 
this work. Needless to say, the labor of the Committee 
on Propagation could hardly have been effective with- 
out the cooperation of the Army and Navy. Maj. Gen. 
H. M. McClelland personally established Army co- 


operation, and Lit. Comdr. Ralph A. Krause and Capt. 
Lloyd Berkner were similarly helpful in organizing 
Navy liaison and help. 

Officers and scientific workers of the U.S. Navy 
Radio and Sound Laboratory at San Diego, California, 
altered their program on propagation to fit in with the 
overall program of the Committee. Capt. David R. 
Hull, Bureau of Ships, understanding the importance 
of the technical problems, paved the way for effective 
cooperation by this laboratory. 

Dr. Ralph Bown, Radio and Television Research 
Director, Bell Telephone Laboratories, integrated the 
research programs undertaken ‘by Bell Telephone 
Laboratories for the Committee on Propagation. This 
joint research program included meteorological meas- 
urements on Bell Telephone Laboratories property by 
meteorologists of the Army Air Forces working with 
Col. D. N. Yates, Director, and Lt. Col. Harry Wexler 
of the Weather Wing, Army Air Forces. The accom- 
plishments of the Committee on Propagation are a 
good example of the effectiveness of cooperation—all 
parts were essential and none more than the rest. 

I want to thank Dr. Karl T. Compton, President of 
Massachusetts Institute of Technology, who was al- 
ways willing to discuss problems of the Committee and 
who helped me to solve many of the more difficult 
ones, and also, Prof. S. S. Attwood, University of 
Michigan, whose continual counsel throughout my 
term of office was in no small way responsible for the 
success of our activity. 

Credit is also due Bell Telephone Laboratories, 
which made my services available to the Government 
and paid my salary from August 1943 to September 
1945, and to Cornell University, which has allowed 
me time off with pay to complete the work of the 
Committee on Propagation since September 1945. 


Cuas. R. Burrows 
Chairman, Committee on Propagation 


FOREWORD TO CONSOLIDATED EDITION 


Seer and engineers in the field of radio wave propagation are indebted 

to the Academic Press for making available to them this condensed volume 
of the entire report of the Committee on Propagation of NDRC which other-, 
wise would only be available in the two hundred and fifty copies of the three- 
volume report printed for the government. This volume contains material 
of great value to present and future studies of the problems encountered in the 
propagation of radio waves not otherwise available to the public. 

The results of the work of the Comimttee will eliminate repetitive steps 
in many instances, and will serve as fundamental data in the approach to 
future investigations. Furthermore, the text of Volume 3, complemented by 
the contents of Volumes 1 and 2, may be easily adapted to classroom use. 

The declassification of the Summary Technical Report makes it possible 
to publish this consolidated edition of the three volumes. It will, in my 
opinion, fill a need for the greater distribution of information essential to 
further developments in the field of radio wave propagation. 


Cuas. R. Burrows, Director, 
: School of Electrical Engineering, 
Cornell University, Ithaca, New York 
October 15, 1948 


PREFACE* 


In this series of three volumes, which is part of 
the Summary Technical Report of NDRC, the Com- 
mittee on Propagation is presenting a record of its 
activities and technical developments. The material. 
presented, concerning as it. does the propagation of 
radio waves through the troposphere, is of permanent 
value both in war and in peace. 

{In Volume 1, Part I] gives a critical overall view 
of the technical developments in the study of tropo- 
spheric propagation. Outlined is the general theory 
of both standard and nonstandard propagation 
together with descriptions and results of transmission 
experiments carried out in widely separated parts of 
the earth and designed to test the theory. Included) 
also is a résumé of the meteorological factors affect-) 
ing propagation of waves and their attenuation in 
the atmosphere. | 

One of the important contributions of the NDRC 
Committee on Propagation of permanent value is 
the publication of the technical papers presented at 
the several Conferences on Propagation. The first 
Conference was held at the Radiation Laboratory at 
Massachusetts Institute of Technology in July 1943 
prior to the formation of the Committee on Propaga- 
tion. Those sponsored by the Committee were the 
second, third, and fourth Conferences held, respec- 
tively, in New York, February 1944; in Washington, 
November 1944; and in Washington, May 1945. 

The bulk of the material published is taken from 
the Columbia University reports and from the papers 
presented at the third and fourth Conferences; the 
remainder comes from the second Conference. By 
careful selection it has been possible to avoid exces- 
sive repetition; and yet on continuing projects, such 
as transmission studies, it is possible to follow their 
development over a considerable period of time. 

Some of the material has been published in 
Volume 1 of this series — that dealing with the 
theoretical aspects of propagation, both standard and 
nonstandard. In [Part I of Volume 2] the subject 
considered is meteorology: first theory, then equip- 
ment, and finally the development of forecasting 
techniques in which the ultimate goal is the ability ! 
to predict radio performance from meteorological 
measurements made considerably earlier. 4 

[In Part II of Volume 2 a chapter] on reflection 
coefficients presents a certain amount of new material 
which, however, tends to confirm previous views and 
further substantiates formulas already available. 
[In a chapter] on dielectric constant, absorption, and 
scattering, the reader will find a considerable volume 
of new material. With decreasing wavelength the 


*The Editor’s Prefaces to the three volumes of the Sum- 
mary Technical Report of the Committee on Propagation 
have been consolidated and abridged for reprinting as the 
Preface to the present volume. 


absorption by the components of the atmosphere 
becomes increasingly important while the problems 
of absorption and scattering, as related to wavelength 
and water droplet size, bear importantly on the abil- 
ity to track clouds and storms by radar. 

[In a chapter] on echoes and targets, the reader 
will find an interesting treatment of some of the more 
unusual problems concerning the radar behavior of 
targets. Volume 2 closes with a consideration of an 
angle-of-arrival experiment. 

The material presented [in Volume 3] was prepared 
by the Columbia University Wave Propagation 
Group at the request of the Committee on Propaga- 
tion of the National Defense Research Committee. 
The International Radio Propagation Conference, 
meeting at Washington in May 1944, recommended 
that a book be prepared dealing with problems of 
radio wave propagation in the standard atmosphere 
at frequencies above 30 megacycles. The importance 
of these higher frequencies is apparent when it is 
recalled that most radars operate in this range and 
that an increasing number of communication circuits 
are being equipped for operation above this fre- 
quency. 

A certain amount of evidence from operational 
theaters indicates that lack of familiarity with the 
underlying theory of propagation and calculations 
based thereon not infrequently has resulted in 
ineffective installation and operation of radar and 
communication sets. This is ascribable, in part at 
least, to the lack of publications which give a clear 
picture of the problems of propagation or show how 
the important factors may be evaluated. 

A considerable volume of basic material on 
propagation had appeared in technical journals 
before World War II, and during the war a great 
quantity of classified material has come from 
laboratories and operational theaters, illustrating 
new applications of old principles, giving valuable 
information on propagation problems as well as on 
characteristics of radar and communication sets, 
antennas, targets, siting problems, etc. But this 
information has not been coordinated under one 
cover for practical use by signal personnel in the 
field. The Columbia University Wave Propagation 
Group was asked to undertake this task, and it is 
hoped that this book will, in some measure, answer 
the need. 

Our effort, then, has been to provide a hook 
designed for men with college training in radio, 
physics, or electrical engineering, which states the 
basic laws of propagation, that is, shows how the 
characteristics of the earth and the atmosphere 
control the propagation of radio waves; gives the 
fundamental properties of the basic types of antenna 
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systems, particularly their directivity and gain; 
gives the reflecting properties of targets such as 
airplanes for use in detection by radar; teaches the 
reader how to calculate field strength or obtain the 
coverage diagrams given a particular set, power, and 
site; gives the fundamental information required in 
the above calculations for application to the radar 
and communication sets used in operational theaters; 
and provides illustrative material and sample calcu- 
lations which show how the laws of propagation 
may advantageously be used in the location and 
operation of radar systems, communication sets, and 
countermeasure equipment designed to deceive the 
enemy and to prevent jamming of equipment by 
enemy action orby mutual interaction of our own sets. 

The reader [will find in the Appendix] a summariz- 
ing review of six transmission experiments carried 
out in widely separated geographical locations; 
namely, Massachusetts Bay, San Diego, Arizona, 
Antigua, West Indies, and Great Britain. The basic 
objectives here have been to learn the facts concern- 
ing transmission, and, as far as possible, to correlate 
them with the transmission theory given in Volume 1 
and with the meteorological factors presented in 
Volume 2. 


One of the main functions of the NDRC Com- 
mittee on Propagation was to bring about a rapid 
exchange of information between the laboratories 
and Service units working on the subject, and make 
the results available to all workers technically con- 
cerned with the military application of radar and 
other short wave radio equipment. To fulfill this 
function the Columbia University Propagation 
Group operating under contract with the Committee 
periodically published a comprehensive bibliography 
on propagation, beginning in the spring of 1944. 
Its fifth and last edition, issued in August 1945, is 
included [in the General Bibliography]. [This] 
General Bibliography lists reports “on tropospheric 
propagation issued by numerous Service and civilian 
organizations and is a rather exhaustive accumula- 
tion of the efforts made during the war in this field by 
Great Britain, Canada, New Zealand, Australia, and 
the United States. With a few exceptions, original 
reports listed in the Bibliography have been micro- 
filmed. A few, such as summary reports issued by 
the Columbia University Wave Propagation Group 
and the compiled Propagation Reports, are included 
in the present series. 

STEPHEN S. ATTwoop 
Editor 
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TECHNICAL SURVEY 


VOLUME I 


PART I 


SUMMARY 


Chapter 1 


STANDARD PROPAGATION 


INTRODUCTION 


B’ STANDARD PROPAGATION is meant radio wave 
propagation through an atmosphere free from 
irregular stratifications, particularly of vertical dis- 
tributions of water vapor and temperature. With 
irregular stratification the propagation is said to be 
nonstandard and will be treated extensively in the 
Jater chapters. 

In this chapter the fundamental general relations 
between transmitted and received power is first re- 
viewed; then the main factors influencing the trans- 
mission of electromagnetic waves such as refraction, 
diffraction, and dielectric properties of the ground 
are surveyed; and finally the computation of the 
field at the receiver for various heights of transmitter 
and receiver above a homogeneous smooth earth of 
given electromagnetic properties is very briefly dis- 
cussed. The last subject divides naturally into the 
determination of the field above the line of sight and 
the determination of the field below the line of sight 
in the earth’s shadow. 

The text of the present chapter largely follows the 
book, issued by the Columbia University Wave 
Propagation Group [CUDWR WPG] under the title 
Propagation of Radio Waves through the Standard 
Atmosphere 


POWER TRANSMISSION 


Certain relations occur so frequently in wave 
propagation problems that it is convenient to 
summarize them here before entering into a descrip- 
tion of the characteristic features of short wave 
propagation. Some of these are mere definitions; 
some are consequences of electromagnetic theory. 

It is convenient to use, as a standard antenna, one 
which has a length which is small compared to the 
wavelength, designated as “doublet.’’ Such doublets 
may be used for both the transmitting and receiving 
antennas. In the latter case it is assumed that the 
load resistance is matched to the output resistance 


of the antenna. In free space, optimum transmission. 


is achieved when the two doublets are parallel to 
each other and perpendicular to the line connecting 
their centers. If their distance apart, d, is large com- 
pared to the wavelength, the ratio of power trans- 
mitted to maximum useful power received is found 
from electromagnetic theory to be 


Ba ONG 
p-(S): @) 


where \ and d are measured in the same units. Here 
P, is the power delivered to a matched load at the 
output terminal of the receiver and A, the power fed 
to the transmitting antenna. 

The gain G of any directive antenna is the ratio of 
the power transmitted by a doublet to the power 
transmitted by the antenna in question, to produce 
the same response in a distant receiver, when. both 
transmitting antennas are adjusted for maximum 
transfer of power. The gain of a receiving antenna is 
similarly the ratio cf the power delivered to the 
transmitting antenna when a doublet receiving an- 
tenna is used to the power delivered to the transmit- 
ting antenna to produce the same response when the 
antenna in question is used at the receiver. 

Two methods of expressing antenna gain are in 
common use: the one just indicated where the gain 
is measured as the ratio of the power in the optimum 
direction relative to that of a doublet, and the other 
where the gain is that relative to a hypothetical iso- 
tropic radiator which is one assumed to radiate the 
same power density in all directions. Simple geomet- 
rical considerations show that the gain of a doublet 
over that of an isotropic radiator is 3/2 so that the 
gains expressed in the former system are converted 
into the latter system by multiplying them by 3/2. 
Tn the equations below, the gain is expressed relative 
to the doublet. 

If transmission takes plaze, not in free space, but 
over a conducting ground, in a refracting atmosphere, 
etc., the power ratio will be expressed as 
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Ficure 1. Nomogram for free space transmission between 


parallel doublets. 


where GG» are the antenna gains of the transmitting 
and receiving systems, respectively, and A, is the 
‘Hath factor.”” The nomogram, Figure 1, gives this 
relation for G,=G,=A,=1. Often the electric field 
at the position of the receiver is desired. It is given by 


E = iv V P,G,A,, (3) 


where E is in volts per meter, P; in watts. If EZ is 
known, the power delivered by the receiving antenna 


to a matched load is 

B2 3X2 
7 sce (4) 
The combination of equations (3) and (4) gives again 
the general transmission formula (2). 

The lower limit of possible receiver sensitivity is 
set by the thermal noise in the receiving system. At 
ordinary temperatures the thermal noise power in 
watts is very approximately 

Teroise =4.- 10-P Af, (5) 
where Af is the radio-frequency bandwidth of the 
receiver in megacycles. 

The minimum power P,,,, required for intelligible 
reception being usually in excess of the thermal noise 
power, it is customary to use the ratio Prin/Protse 
expressed in decibels as a measure of the receiver 
sensitivity Ten times the logarithm of this ratio 
(to the base 10) is the sensitivity of the receiver in 
decibels above thermal noise. 

As may be seen from this brief outline, the problem 
of transmission in free space is a very simple one from 
the engineering viewpoint. There are certain ques- 
tions regarding noise limit, receiver sensitivity, and 
matching of the load which constitute refinemerts of 
the above procedure. They are of interest primarily 
for those concerned with receiver design; apart from 
these the problem of power transmission may be con- 
sidered solved by these formulas. The most impor- 
tant and difficult part of ultra short wave propagation 
then becomes the quantitative determination of the 
path factor A, as a function of the geometry of the 
transmission path, electromagnetic properties of the 
ground, refractive properties of the atmosphere, etc 


P2 


OPTICAL PROPERTIES OF THE 
EARTH’S SURFACE AND ATMOSPHERE 


REFLECTION COEFFICIENTS 


In dealing with standard propagation it is usually 
assumed that the ground has electromagnetic prop- 
erties which are constant over the length of the 
transmission path. Deviations from this idealized 
behavior are treated below as diffraction phenomena. 

The electromagnetic properties of the ground 
are completely described by its complex dielectric 
constant, 


€ = € — je; = €, — J60oA, (6) 


where e, is the relative dielectric constant, ¢ the con- 
ductivity in mhos per meter, and d the wavelength 
in meters. In general, and especially in the micro- 
wave region, e, and e; are themselves functions of 
the frequency. Figure 2 shows the variation of the 
real and imaginary parts of the complex dielectric 
constant of sea water at 17 C for ultra-high fre- 
quencies according to the best available experi- 
mental data. 
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Ficurs 2. Dielectric constant of sea water at 17 C. 


The reflection coefficient is given by Fresnel’s 
formulas. Let y indicate the angle between the 
incident ray and the horizontal reflecting surface. 
Then, for horizontal polarization 


sin sin YW — V « — cos’ p (7) 
sin ¥ + Ve, — cos? y 


and for vertical polarization 


R= pe = 


——— 
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Ficure 3. Amplitude, p, of the reflection coefficient 
versus reflection angle, y, from y = 0 to Y = 5.5° for 
sea water. 


€, Sin y — Ve, — cos? 


R= pex?? = - ees 
e, sin Wy + Ve, — cos* yp’ 


(8) 


where p designates the magnitude of the reflection 
coefficient, and ¢ the phase lag of the reflected ray 
at reflection. Figure 3 illustrates the amplitude of the 
reflection coefficient for sea water as a function of 
the angle y for several frequencies. Figure 4 shows 
the corresponding phase lag at reflection. 


Gene POLARIZATION 


Figure 4. Phase lag, ¢, of the reflection coefficient 
versus reflection angle, , from y = 0 to W = 5.5° for 
sea water. 
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From the practical viewpoint the following sum- 
mary may give an overall picture of the more out- 
standing features of ground and sea reflection. 

For horizontal polarization over the sea the reflec- 
tion coefficient may be taken as unity and the phase 
shift as 180 degrees for frequencies up to and includ- 
ing the centimeter range, for practically all angles of 
reflection. Over land there is a slight decrease of the 
amplitude of the reflection coefficient with increasing 
angle; for instance, for a frequency of 200 me, at 
an angle of 15 degrees the reflection coefficient has 
decreased to 0.9 or slightly more for moist soil and 
to 0.8 or slightly more for dry soil. These statements 
apply when, the ground or sea surface is reasonably 
smooth. In order to decide whether’a surface is 
smooth or rough, Rayleigh’s criterion, explained 
below, is usually applied. When the surface is rough 
or wavy, irregular scattering predominates and re- 
duces the intensity to a small part of the value 
attained with a smooth surface. 

For vertical polarization the curve of the magnitude 
of the reflection coefficient versus the angle goes 
through a minimum (see Figure 2). When the imagi- 
nary term of tne complex dielectric constant is 
negligible so that the ground behaves like a pure 
dielectric material, the reflection coefficient goes to 
zero at a certain angle (Brewster angle). Ordinary 
soil nearly fulfills this condition. For instance, at a 
frequency of 200 mc the Brewster angle occurs at 
about 12 degrees with moist soil and at about 21 
degrees with dry soil. 

For the ocean surface, and vertical polarization, 
the imaginary part of the dielectric constant cannot 
be neglected, and the reflection coefficient as a func- 
tion of the angle does not vanish at any angle but 
goes through a minimum, the pseudo-Brewster angle. 
The actual variation of amplitude and phase lag is 
represented in Figures 2 and 3 for the smail angles of 
reflection which are most important in practice. 

When the ground is rough the reflection coefhi- 
cient for both types of polarization is reduced to a 
very small value. For 10-cem waves and still more for 
shorter ones, most types of land are rough. A reflec- 
tion coefficient of 0.2 may be taken as representative 
for an average ground covered with vegetation. A 
slightly ruffled sea is a fairly good reflector for 10-em 


waves but appears somewhat rough at shorter wave- - 


lengths. 


STANDARD REFRACTION 


Numerous experiments have resulted in the fol- 
lowing formula for the refractive index of moist air: 


4,800 
1-10 =F (pe + 25) 


where n = the index of refraction, 
p = the barometric pressure in millibars 
(1 mm mercury = 1.3332 mb), 


ll 


é = partial pressure of water vapor in milli- 
bars, 
T = absolute temperature. 
The mixing ratio, s, which is practically equal to 
specific humidity, is connected with e by the relation 


e = 0.00161ps . (10) 


A recent analysis?78 has shown, moreover, that this 
expression for refractive index must, on theoretical 
grounds, be substantially independent of frequency 
down to the shortest waves employed in microwave 


engineering. 


In an average atmosphere temperature, pressure, 
and water vapor density decrease with height, and, 
in the lowest few kilometers where most of the short 
and microwave propagation takes place, it may be 
assumed +o a good approximation that the decrease 
of refractive index with height is linear though the 
rate of decrease is somewhat dependent on the cli- 
mate. In middle latitudes it is given by eas 

a = —0.039 - 10-* per meter . (11) 

Refraction at the boundary of two media is fa- 

miliar from optics and is expressed by Snell’s law: 


Ny COS a1 = Ne COS a , (12) 


where 7 and nz are the refractive indices of the two 
media and a; and a, the angle between the boundary 
and the direction of the ray in the first and second 
media respectively. In the atmosphere the refrac- 
tive index is a continuous function of height, and the 
sudden change of direction at a boundary is then 
replaced by a curvature of the rays. Equation (12) 
can be written F 


TN COS @ = No COS a , (13) 


where 7m and @ are now continuous functions of the 
height and the subscript 0 designates a reference level. 

The above formulas refer to a plane earth. If the 
earth’s curvature is taken into account so that the 
planes relative to which the angle a is measured are 
replaced by spheres about the earth’s center, for- 
mula (13) must be modified; and the mathematical 
analysis shows“‘? that it is replaced by 


Mr COS & = Nolo COS a (14) 


where r is the distance from the center of the earth 
to the level considered. 

If now we set r = 79 (1 + h/ro) where h = r — 79 
and h/ro is a small quantity and, furthermore, if we 
note that with a linear gradient of n 


nam t+ 2h (15) 


we obtain on substituting into (14) and neglecting 
small quantities of the second order 


E + (+ + a) a| cosa = cosao. (16) 
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It results from this equation that a linear gradient 
of refractive index has the same effect on refraction 
as the curvature of the earth, 1/ro. By introducing 
an effective earth’s radius it is possible to eliminate 
the refraction term entirely and to treat the atmos- 
phere as if it were homogeneous. This device was first 
introduced by Schelleng, Burrows, and Ferrell,*4 and 
has since been generally accepted. Some German 
writers have introduced a quadratic function to 
represent the variation of refractive index with height 
in the atmosphere, *** the coefficients of the quadratic 
terms being characteristic of the air mass or type of 
atmosphere involved. This has the advantage of per- 
mitting a close fit with observed refractive index 
curves up to heights of 6 to 8 km. It seems, however, 
that the advantage of the greater analytical simplic- 
ity of the linear refractive index curves far outweighs 
the increased accuracy of the quadratic form, and the 
latter has therefore not found acceptance in this 
country and Great Britain. 

It is customary to designate the effective, or modi- 
fied earth radius by ka where k is a numerical con- 
stant and a replaces ro used above and represents 
the mean radius of the earth. Hence 


(17) 


and by comparison with equation (11) it follows that 
(18) 


since dn/dh = — 0.039 - 10-6 
radius a = 6.37 - 10° meters. 


— 1/4a. The earth’s 


In view of this result coverage diagrams of radar! 
and radio communication sets are commonly drawn 
with a % earth’s radius. In such a diagram the rays, 
which are curved in a “true”? geometric representa- 
tion, appear as straight lines. 

The value k = % does not, of course, represent a 
universal law. It is merely an expression of the fact 
that the rate of decrease of the refractive index with 
height has, in the middle geographical latitudes, a 
certain average value. In arctic climates k as a rule 
is somewhat smaller, lying between 4% and %, while 
in tropical climates k is somewhat larger, between 
4% and %. In temperate and tropical climates, the 
main factor determining the magnitude of k is the 
humidity gradient in the lower atmosphere. In 
Figure 5 is shown a nomogram from which the ap- 
propriate value of 1/k can be read directly as function 
of the gradient of relative humidity and air tempera- 
ature. The table has been computed under the as- 
sumption that the temperature gradient has the 
“standard” value of —0.65 C per 100 m, but the 
value of k is relatively insensitive to variations in 
the temperature gradient. 

Usually the value of k = % is referred to as the 
standard case, but this term is also used to designate 
more generally an atmosphere with a linear refrac- 
tive index distribution where k might differ somewhat 
from 4%. Experience shows that the atmospheric 
conditions under which the refractive index is a 
linear function of height are quite common, but this 
is only one case out of several that may, and do, 
arise in the atmosphere. A full appreciation of the 
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Figure 5. Graph: 1/k versus RH gradient and temperature for 100 per cent RH at ground. Add correction tabulated to 


obtain 1/k for RH at ground ~ 100%. 
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limitations of the concept of standard refraction 
requires some knowledge of the phenomena of non- 
standard propagation which will be dealt with ex- 
tensively in later chapters. 


Ficure 6. Geometry for Rayleigh’s criterion for rough 
ground. 


ROUGHNESS OF THE GROUND 


In order to estimate how closely the ground ap- 
proximates the condition of an ideal reflecting sur- 
facé, a rule is required that gives results sufficiently 
accurate to be used in radio and radar practice. The 
subject has not been very thoroughly explored, but 
Rayleigh’s criterion for roughness, originally devel- 
oped for optical purposes, has been applied with good 
success. Since it seems to be the only criterion of its 
kind and since it is often necessary to decide whether 
the terrain in front of a given radio or radar site is 
reflecting, it deserves.some detailed consideration. 

The principle of Rayleigh’s criterion is illustrated 
in Figure 6. The roughness is assumed to be pro- 
duced by a large number of elevations in the reflect- 
ing plane of average height H. One such “hump” 
1s shown in the figure together with two rays one of 
which is assumed to be reflected from the ground sur- 
face and one from the top of the “hump.” The dif- 
ference in phase between the two rays is 2Hy(27/)). 
The criterion now requires that the surface be con- 
sidered as rough when this phase difference exceeds 
a/4 radians. This gives for the critical value of H, 
when y is in degrees, \ in meters, 


r 


el Sra 


(19) 
If n is the ‘‘lobe variable,” that is, a quantity equal 
to 1 3 .---(2n — 1), ---at the first, second, 


nth interference maximum of the direct and ground- 
reflected rays, namely, 


_ 4hy 
Saha 


(20) 


where h; is the height of the transmitter above the 
-ground, the criterion can be written in the form 


So 6 (21) 


Although admittedly rough, the criterion indicates 
the order of magnitude of the angle above which 
specular reflection will be- greatly reduced in favor 
of diffuse scattering of the type which, in ordinary 


optics, is produced by a dull, white surface. It is 
reasonably safe to assume that for angles exceeding 
the critical angle the amount of specular reflection 
will be reduced to a small fraction, perhaps to the 
order of one-fifth, of the value of the reflection under 
ideal conditions. 


DIFFRACTION BY TERRAIN 


A number of the influences of the earth’s surface 
upon wave propagation have the common charac- 
teristic that they represent deviations of the actual 
earth from the idealized model of a smooth sphere 
endowed with homogeneous electrical constants. 
Diffraction by the earth’s average curvature is not 
included among the effects considered here since it 
is dealt with extensively in Volume 3. 

There are two main classes of phenomena that fall 
under the general heading of diffraction. One is the 
diffraction by obstacles, such as hills, trees or houses, 
and the other is the diffraction by the structure of 
an otherwise fairly level ground, in particular, rough- 
ness and horizontal variations of dielectric constant. 

The diffraction by hills and similar obstacles of the 
terrain is commonly treated theoretically by means 
of the Fresnel-Kirchhoff diffraction theory as found 
in textbooks on optics. The only problem which is 
sufficiently simple to admit of a direct application to 
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Ficure 7. Field in shadow behind a diffracting ridge. 
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short wave transmission is that of diffraction by a 
straight edge. It is not necessary that the edge be 
perpendicular to the line connecting the transmitter 
and receiver but for, the validity of the theory it is 
necessary to suppose that the distances from the 
diffracting obstacle to the transmitter and receiver 
are large compared to the height of the obstacle, 
which means that the angles of diffraction are small. 
Figure 7 shows a nomogram from which the field 
strength in the shadow of a diffracting edge can be 
read in decibels below that of free space. The geo- 
metrical significance of the quantities used is illus- 
trated on the figure. 

Such experiments as have been made show a gen- 
eral agreement with theory, but it is difficult in prac- 
tice to realize conditions of transmission that ap- 
proach ideal ones, to which the Fresnel-Kirchhoff 
theory refers. When appropriate values are taken 
for the reflection coefficient of the ground and the 
four components of the resulting field are added 
vectorially, good agreement has been found between 
experiment and theory for selected terrain. (See 
Chapter 11 of this volume.) Sometimes the terrain 
conditions are often so complicated that they do 
not readily lend themselves to idealization by simple 
geometrical: models. For these reasons the Fresnel- 
Kirchhoff diffraction theory has been of only limited 
value in short wave radio propagation. 

A case which quite often can be described ade- 
quately by an idealized model is that of a sudden 
change of the dielectric properties of the ground, as 
at a coast line.?4°-346 If the land is rough while the 
sea surface produces full specular reflection, the 
coast line can be considered as a diffracting straight 
edge with respect to the image antenna, rays of which 
represent the field reflected by the sea surface. The 
straight edge serves.to cut off that part of the radia- 
tion from the image that would represent reflection 
from the land area. The geometrical conditions are 
shown schematically in Figure 8. For-the details of 
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Ficure 8. Diffraction by a coast line. 


the analytical treatment the reader is referred to the 
comprehensive report on standard propagation con- 
tained in Volume 3 of the Summary Technical Re- 
port of the Committee on Propagation. The disto1- 


tion of the coverage diagram of a radar set caused by 
this type of diffraction is often quite large and be- 
comes important operationally at frequencies of 100 
to 200 me. This is illustrated here by a computed 
coverage diagram shown in Figure 9. If diffraction is 
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Fiaure 9. Coverage diagram for coast line diffraction 
(relative field strength). (Heights exaggerated 3.5 to 1.) 


not taken into account the coverage pattern shows a 
constant amplitude through higher angular elevations 
reached only by the direct rays since the ground re- 
flection is negligible. At lower angular elevations 
rays reflected from the sea add to the direct rays. 
and the “lobe” type of pattern appears. It is clear 
that if the diffraction effect were neglected very 
serious errors of the estimated coverage would result. 

Similar methods can be used to treat diffraction 
caused by cliffs, edges of wooded areas, lakes, etc., 
but these cases are not so often of importance in 
radar practice. 


THE ELECTROMAGNETIC FIELD 
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If a transmitter is erected over a plane, ideally re- 
flecting earth, the well-known lobe pattern results . 
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FicurEe 10. Typical coverage diagram (lobes) over 
plane earth. 


(Figure 10), the curves being ones of constant field 
strength. The field is given by 


aaa | (22) 


E = Ey - 2 sin | —— 

0 sin ( Xd 
where h; and he are the transmitter and receiver 
heights, and d the distance from transmitter to 
receiver. The maxima and minima occur at the 
positions in space where 
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Peles = and (23) 


with n=1, 3, 5- - -for the maxima, 

n=0, 2, 4- - -for the minima. 
If ho > In, the angle of elevation is ¥ = h2/d and 
the formula for the maxima and minima can be 
written 


eee (24) 


If the earth curvature is taken into account the 
pattern remains essentially the same above the line 
of sight, but a’number of corrections enter which 
change somewhat the position and strength of the 
lobes. The problem is primarily one of geometry, 
taking into account the modification of the direc- 
tion, phase, and intensity of the reflected ray caused 
by the earth’s curvature. It can be solved by suit- 
able numerical and graphical methods such as are 
given in Volume 3 where the details are extensively 
treated. It may suffice here to enumerate the main 
modifying factors. 

If a tangent to the earth is drawn at the point of 
reflection (Figure 11), the distances h’; and h’s of 
transmitter and receiver from this line are the equiv- 
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Ficurt 11. Geometry over spherica earth. 


alent heights in terms of which the problem is a 
plane-earth problem for that particular ray. They are 
- smaller than the heights above the ground h; and 
he, but clearly they are functions of the angle of 
elevation. Thus a set of implicit equations has to be 
solved fer each angle of elevation giving h’; and h’s 
as functions of hi, he, and d, whereupon the inter- 
ference between the direct and reflected rays is 
computed as in the case of a plane earth. 

In addition to the modification of direction and 
phase at reflection, there is also a change in intensity 
of the reflected ray caused by the fact that the 
reflecting surface is curved. This modification is 
taken into account by the divergence factor, a purely 
geometrical quantity which is part of the reflection 
coefficient, reducing the intensity of the reflected 
ray. 

The behavior of the field below the line of sight 
requires a more powerful line of attack. The line of 
sight itself is given by a tangent to the earth’s surface 


passing through the transmitter. The distance from 
the transmitter to the horizon, when a modified 
earth’s radius ka is used is 


dp = V2kah, (25) 


When k = %, hi is in meters and dz in kilometers, 
this becomes 


dp = 4.12 Sh, . (26) | 


The diffraction region actually extends at least from 
the lower surface of the first lobe downward to the 
earth’s surface. In the diffraction region well below 
the line of sight, the field strength decreases very 
rapidly and very nearly exponentially with the 
distance. 

Figure 12 shows a typical example for the ground 
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Ficure 12. Field strength versus distance for fixed 
height, vertical polarization. 


constants indicated. The ordinate is the ratio of 
field strength to the free space field; the transmitter - 
and receiver heights are fixed and d is plotted as 
abscissa. Above the line of sight the typical lobe 
pattern is exhibited. The decrease of the field in 
the diffraction region is the more rapid the shorter 
the wavelength. In the centimeter band this decrease 
is so rapid that for most practical purposes the field 
is nonexistent near the ground at distances exceeding 
the horizon distance by more than a few kilometers. 
Figure 13 shows a similar diagram for fixed distance 
and variable receiver height. 


Mopers 


The description of the electromagnetic field above 
the line of sight !s adequately given by means of rays 
and their phases as used in optics. This method ob- 
viously breaks down in the diffraction region into 
which the rays do not penetrate. For this region a ~ 
solution of the wave equation is required. Many 
distinguished mathematicians have contributed vary- 
ing techniques for solving the wave equation. The 
theory in its present form as applied to short and 
microwave propagation has been worked out by 
van der Pol and Bremmer?? for vertical polarization 
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and Marian C. Gray for horizontal polarization. 

The results of the theory may be summarized as 
follows. The electromagnetic field can be represented 
as an infinite series of the form 


E = Ey Vd >, ene—Snd Um(ti) Un(hs) (27) 


where E) is the free space field and c,, and [, are 
complex constants depending upon |the wavelength 
and the electromagnetic ground constants. h; and he 
are again the heights of the transmitter and receiver 
above the ground, d is the distance between the two; 
U,, are the height-gain functions, and e is the base 
of natural logarithms. The formula is symmetrical 
with respect to the interchange of transmitter and re- 
ceiver, in agreement, with the principle of reciprocity. 
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Fach of the terms which compose the sum (27) 
is called a mode. The coefficients ¢,, are complex con- 
stants with their real parts positive. They represent 
therefore an exponential decrease of the field strength 
with distance. The real part of ¢, is the attenuation 
factor of the mth mode expressed in nepers per unit 
distance. The height-gain functions U,, are found to 
increase with height above the ground. The increase 
is first slow but eventually becomes exponential and 
remains that way for large heights. 

The real part of fm, the attenuation factor, in- 
creases with increasing mode number; hence, if the 
receiver is far enough from the transmitter, all 
modes except the first one become very small and 
the sum in equation (27) reduces to its first term 
which can be computed without much difficulty. 
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Figure 13. Field strength versus height of receiver for fixed distance relative to radiation field at one meter from 


transmitter. 
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This applies when the heights h; and hz are fairly 
small. The height-gain functions increase with height 
the more rapidly the higher their order, and as one 
approaches the line of sight the number of modes 
that contribute to the field strength becomes large. 
It is true that the series (27) converges everywhere, 


but above the line of sight the number of terms re- 


quired for a good approximation is so large that the 
expression is useless for numerical work. Here the 
methods of ray optics become applicable. It is 
usually found that, at a given distance d, the field 
in the lower part of the diffraction zone can be 
computed by using one or a few terms of the series 
(27). At large heights above the line of sight 


the field is determined by the methods of ray 
optics, and the two curves can be joined with a 
good degree of accuracy by graphical means on 
a decibel diagram. This has been done in Figures 
12 and 13. 

The series (27), though simple in external appear- 
ance, still proves extremely difficult to evaluate. 
Burrows and Gray,?? however, have simplified the 
mechanics of evaluation to such a degree that nu- 
merical data can be obtained by means of a small 
number of graphs. The detailed procedures employed 
in computing field strength and contour diagrams by 
the method of modes are summarized and collected 
in Volume 3. 


Chapter 2 


ELEMENTARY THEORY OF NONSTANDARD PROPAGATION 


HISTORICAL 


uRING 1941 aNp 1942, short and microwave 
radar sets became available in England and 
were installed along the Channel and North Sea 
coast. Very soon it was found that at certain times 
these sets were able to pick up targets such as ships 
and fixed echoes from the French coast which were 
well below the line of sight and which under the 
conditions of standard propagation would have given 
entirely negligible responses. A relationship with 
the weather soon became apparent. In 1942, enough 
had become known to establish most of the correla- 
tions between excessive ranges and meteorological 
conditions which have remained fundamental and 
which are based on the picture of refraction in the 
lower atmosphere that is now generally accepted. 

Later on similar effects with radar sets were dis- 
covered all over the world. An example in point is 
in the Mediterranean where nonstandard propa- 
gation, during certain seasons, is the rule rather 
than the exception. These conditions will be dis- 
cussed in more detail in the chapter on radiometeor- 
ology. The most extraordinary ranges, perhaps, were 
found in the Indian Ocean where radar sets operat- 
ing at frequencies of 200 me were found on occasion 
to record fixed echoes from as far away as 1,500 
miles. The mechanism of this phenomenon is not yet 
fully understood. 

In the. Pacific theater extended ranges have also 
been observed; but, on account of the vast territory 
covered, the technical difficulty of all operations, and 
the inadequacy of meteorological coverage, it is 
difficult to evaluate the results systematically. Up 
to the present, reports on the conditions responsible 
for nonstandard propagation have been received 
from many parts of the world which vary widely in 
their characteristic features and dependence upon 
season, weather. time of day,. properties of the 
ground, etc. It is possible-to lay down certain general 
rules, but on the whole the phenomena are exceed- 
ingly complex. 

During 1943 and 1944, a number of systematic 
experiments on nonstandard propagation were car- 
ried out by the British and American Services and 
affiliated organizations. Most of these were one-way 
transmission experiments that have a number of 
advantages over radar experiments, but some cf the 
latter also were undertaken .Extensive transmission 
experiments were conducted by the British in the 
Trish Sea and the Americans in Massachusetts Bay, 
the State of Washington, southern California, and 
Arizona, and in the West Indian Ocean. 


Il 


These experiments will be described in the next 
chapter. Because of the nature of the subject, it will 
be profitable to discuss the theory before the experi- 
ments and to give, in this chapter, an outline of our 
present conceptions of the theory of nonstandard 
propagation. 


REFRACTIVE INDEX 


Nonstandard propagation takes place whenever 
the rate of variation of the refractive index in the 
lower atmosphere deviates considerably from the 
“Standard” linear slope defined by equation (11), 
Chapter 1. The variation might consist either in a 
deviation from linearity, which is the most common 
case, or in a linear slope in the lowest layers that is 
widely different from the value assumed for the 
standard. The refractive index is a function of tem- 
perature, pressure, and the partial pressure of water 
vapor, given by equation (9), Chapter 1 The de- 
pendence of the refractive index on pressure leads 
to a regular decrease with height, but the change of 
barometric pressure with the weather produces only 
an insignificant effect on the gradient. The variations 
of refractive index in the lower atmosphere owe their 
existence to stratifications in which the temperature 
and moisture changes rapidly with height. 

In order to express refraction in quantitative 
terms Snell’s law for a curved earth is used as given 
by equation (14), Chapter 1: 


Nr COS a = Nolo COS ay . (1) 
Now let 
n=1+/(m— 1) withn -—1 <1 
r=a(1+2)withd«1 (2) 
a a 
ia L 
cosa = (1 — 3°) witha <1 


where a is the earth’s radius. Similar expressions 
are valid for the quantities having the subscript 0. 
Multiplying out and neglecting quantities that are 
small of the second order, one obtains 


n= m += (h-hh) = 5 (ea). (3) 


It has become customary to introduce the modified 
refractive index M by 


n+2=1+M-10-, (4) 
whereupon Snell’s law assumes the form 
(M — M,) - 10-§ = 3 (@? — ap?) . (5) 
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This equation indicates how the angle a between a 
ray and the horizontal changes as a function of M 
which, in turn, is a function of the height, both 
explicitly by equation (4) and implicitly because 'n 
is a function of the height in a stratified atmosphere. 


TYPES OF M CURVES 


An M curve is a diagram in which M as abscissa 
is plotted against the height h as ordinate. Extensive 
experience has led to a classification of M curves 
which is shown in Figure 1. The six types exhibited 
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Ficure 1. Types of M curves. 


comprise all cases that are of practical interest. 
M curves of a more involved structure are rare. In 
all cases it is assumed in accord with experience 
that at sufficiently high elevations the M curves 
become linear and have, or nearly have, the standard 
slope. 

The height at which these variations in refractive 
index occur may vary from a few feet to several 
hundred or even a few thousand feet though they 
are likely to be found at very low elevations in cold 
climates and at higher elevations in warm climates. 
The meteorological conditions which yield these 
curves will be dealt with extensively in Chapter 5, 
and few indications may suffice here. Ordinarily, 
on going aloft the temperature decreases at a slow 
and fairly steady rate. When, instead, the tempera- 
ture zncreases with increasing height, a phenomenon 
known to meteorologists as a temperature inversion, 
equation (9), Chapter 1, shows that n decreases with 
increasing height. This does not necessarily imply 
that M decreases with height since, by equation (4), 
M contains the term h/a, which increases with 
height. If, however, the variation of temperature is 
sufficiently great, a decrease or inversion of M 
results. Such an inversion produces a duct, a term 
which refers essentially to certain meteorological 
phenomena and whose exact significance is explained 
below. A variation of humidity over the layer has 


an effect essentially analogous to, but distinctly 
more pronounced than, the effect of temperature. 
In this case M increases with height with a decreas- 
ing moisture content and vice versa. Variations of 
humidity are common in the lower atmosphere, and 
they constitute the main cause of refractive index 
variations, with temperature variations frequently 
a contributing factor. ? 

The six cases shown in Figure 1 are as follows: 
the standard case which needs no further comment; 
the transitional case where the moisture or tempera- 
ture variation is not great enough to produce a true 
inversion of the M curve but merely results in a 
nearly constant value of M in the lowest strata; the 
substandard. case in which M increases more rapidly 
with height than in the standard case; and three 
cases of ducts. The simple ground-based: duct or sur- 
face trapping, consists in an M inversion immediately 
adjacent to the ground or sea. There are two types 
of elevated M inversions distinguished by the posi- 
tion of the minimum value of M aloft. If this mini- 
mum is larger than the value of M at the ground so 
that the vertical projection from the minimum inter- 
sects the M curve, it is considered a true elevated, 
S-shaped duct. If this minimum is less than the 
value of M at the ground it is ari elevated M inver- 
sion but a ground-based duct. 

In dealing with these M curves it is universally 
assumed that the stratification is the same over the 
whole length of the transmission path. This is a 
severe restriction, but it has proved indispensabie 
up to date in order to make the problem susceptible 
to mathematical treatment, and it is reasonably often 
fulfilled in practice. 


RAY TRACING 


In order to understand the mechanism of trans- 
mission of radiant energy in a duct the course of 
rays issuing from the transmitter is traced according 
to equation (5). Note that for the small angles with 
the horizontal at which these phenomena occur, 


dh 
Oa dz , (6) 
where x designates the horizontal distance. Hence 


from equation (5) 


ae a Z feria: 4+ 2(M — My) - 10-J-?. (7) 


Since M is a given function of height, equation (7) 
gives in integral form the relation between distance 
and height, where ap is the angle with the horizontal 
of the ray emitted by transmitter and M, is the 
value of M at the transmitter height. 

Practicable graphical methods of ray tracing have 
been developed and used extensively to compute 
actual coverage diagrams. ©: 68 69,71,76,82,98,99 Three 
schematic pictures of ray tracing, showing the main 
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Figure 2. Rays in the standard atmosphere. 
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Ficure 4. Rays with an elevated duct. 


‘phenomena of interest, are presented in Figures 2, 
3, and 4. These figures are plane earth diagrams in 
which the ordinary downward curvature of the earth 
has been eliminated and replaced by an additional 
upward curvature of the rays. On the left-hand side 
of each diagram the M curve is plotted. By equation 


(5) we have 
a=.0, 
if : 
M = M, — 4a.?: 10°. (8) 
The vertical lines drawn on the M curve diagram 
are the values of My — 4 a” - 10® for the rays 
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selected. Wherever this line intersects the M curve 
the corresponding rays become horizontal and there- 
after reverse the sign of dh/dz. In the case of Figure 
3 these reversals combine with reflections from the 
ground to make a family of rays oscillate between 
an upper limit, different for each ray, and the ground. 
The limiting angle of emergence beyond which re- 
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Ficure 5. Calculated coverage diagram. 


versal no longer occurs is designated by (2 or’ 2’) 
in Figures 3 and 4. The duct is the vertical interval 
cut out by the intersection of the vertical line desig- 
nated by 2 with the M curve or with the ground. 
The terms trapping, superrefraction, or guided pro- 
pagation aré often employed to describe these phe- 
nomena. 

A word might be said here about the substandard 


case which, although much less frequent than the 
duct, is of operational significance. It is readily seen 
that in this case the rays undergo a strong upward 
curvature in the layer in which there is a substandard 
slope of the M curve. As a result of this the apparent 
horizon distance is reduced, and the ranges of radar 
and radio equipment for targets or receivers near 
the ground are greatly diminished. M curves of the 
substandard type occur often when fog is present but 
are not uniquely correlated with fog. i 

In order to compute coverage diagrarhs on this 
basis it is necessary to know the phases associated 
with the rays so as to determine their mutual inter- 
ference. If this is done by an appropriate graphical 
or numerical method, contours of constant field 
strength can be drawn. Figure 5 shows, typical cov- 
erage diagrams computed in this way,!4° correspond- 
ing to a value of hi/A = 20. The lines separating 
the ‘detection zones” from the “blind zones’’ indi- 
cate ranges at which a medium bomber would just 
become visible to the particular radar to which these 
diagrams apply. Diagram 1 shows the undistorted 
lobe diagram for standard refraction while dia- 
grams 2, 3, 4, 5 show the coverage diagram for 
various types of ground-based and elevated ducts. 

In Figure 6 is shown the variation of field strength 
with height for various distances for the M curve 
shown on the left-hand side of the figure.7? The 
transmitter is at a height of 60 m. 

In all diagrams shown in this section the vertical 
scale is vastly exaggerated as compared to the 
horizontal scale. It may readily be shown that when 
the representation is such that the earth is curved, 
the contours of constant height can be represented 
by parabolas in the approximation where the true 
vertical elevations are small compared to the hori- 
zontal distances involved. 


GENERAL CHARACTERISTICS 
OF DUCTS 


It is evident that the number of types of M curves 
that one can construct a priori is almost unlimited., 
In practice both the types actually occurring and 
their variability within each type of classification 
are severely limited by meteorological conditions. 

M, as defined by equation (4), is the sum of two 
parts, the true refractive part (n — 1) and the earth 
curvature part h/a. At higher elevations the absolute 
moisture in the atmosphere decreases, and irregular 
variations of temperature become more and more 
exceptional so that eventually, at a relatively great 
height, any M curve approaches the standard curve. 
An additional limitation comes from the fact that 
both the temperature and moisture variations in any. 
one climate are subject to definite limitations. An 
extreme moisture change occurs when there is a 
boundary separating a nearly or fully saturated 
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warm air mass from a very dry cool air mass. Tem- 
perature inversions involving differences of more 
than 10 to 15° C are quite exceptional. As a conse- 
quence of this both the actual height of the M 
inversion as well as the difference AM between the 
maximum of M at the bottom and the minimum at 
the top of the M inversion are limited. The height of 
the M inversion layer may be only a few feet if it is 
close to the ground or sea surface. It frequently is 
of the order of 50 to 100 ft or even larger. Under 
particularly favorable conditions in warm climates, 
elevated WM inversions may have heights of several 
thousand feet. The duct itself can be appreciably 
thicker than the M inversion layer, as may be seen 
from the structure of the last two M curves in 
Figure 1. 

Again, the decrease AM over the height of the in- 
version is limited for the same reasons. For low 
ducts values of the order of AM = 5 to 10 are com- 
mon. Somewhat larger values will sometimes occur. 
The maximum value observed is about AM = 40 in 
high-level inversions at San Diego which originate 
in the singular climatic conditions found there. 

An important consideration for the detailed mathe- 
matical treatment of duct propagation is the shape 
of the knees of the M curve. This, again, depends on 
the physical nature of the atmospheric stratification. 
Very often the inflections are so sharp that a succes- 
sion of two or three straight lines furnishes an excel- 
lent approximation. These are known as bilinear and 
trilinear ducts and are of very common occurrence, 
especially with elevated ducts and a large class of 
ground-based ducts. On the other hand, there are 
also ground-based ducts in which the corners are 
extremely well rounded. 

It follows from the restrictions on the numerical 
values of M that there are severe limitations on the 
angle a for which duct effects can occur. Thus AM = 
10 represents a change of one part in 105 in the re- 


fractive index. Now from equation (5), we have 
by differentiation 


AM - 10° = aha. (9) 


For a complete reversal of a ray we must have 
Aa a, and then @ is proportional to the square root 
of AM. In the above case, where AM = 10, we find 
that a is of the order of 3 - 107%, or about 10 minutes 
of arc. 

Carrying considerations of this type into a little 
more detail it is found that the major effects of 
nonstandard refraction occur only for rays which 
emerge from the transmitter at an angle of less than 
Y% degree. For angles ketween 14 and 114 degrees 
the refractive effects produced by the typical non- 
standard M curves consist merely in minor modifica- 
tions of the standard coverage pattern, while for 
angles above 114 degrees the refractive effects are 
negligible. 


SURVEY OF WAVEGUIDE THEORY 


The ray tracing method presented 9n pages 12-14 
is only a rather rough approximation to the true 
solution of the wave equation. It neglects diffraction, 
which on closer investigation is found to be very 
important. In order to visualize this, the waveguide 
analogue was introduced at an early stage of the 
development. Consider a two-dimensional wave- 
guide consisting, for instance, of two parallel plane 
sheets of copper of infinite extent. The propagation 
of an electromagnetic wave in such a guide is some- 
what analogous to that in a duct. The reversal 
of the vertical component of the rays by refraction 
in the duct corresponds to the reflection by the walls 
in the case of a metallic waveguide. It is well known 
that wave propagation under these conditions can 
be described by the methods of geometrical optics 
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only to a very rough approximation. Soon after the 
discovery of ducts the accurate theoretical treatment 
of duct propagation was initiated in England. 677% 7, 
73,88,94 The general result of these investigations 
may be summarized as follows. For an atmosphere of 
arbitrary stratification the field can be formally ex- 
pressed by the series development, equation (27) of 
Chapter 1. The constants appearing therein and 
the height-gain functions involved are, however, 
different from the standard case and depend on the 
particular M curve involved. The solution, therefore, 
consists again of a superposition of ‘‘modes’’ which 
detay exponentially with distance from the trans- 
mitter. The height-gain functions do not, in general, 
increase with altitude all the way up from the ground. 
In the case of a duct the height-gain functions of 
the lowest modes have a pronounced maximum in 
the duct, similar to the curves for the overall field 
strength shown in Figure 6. This maximum becomes 
flatter and eventually disappears entirely for the 
height-gain functions of the higher modes. 

It is useful to supplement the rather ;complex 
mathematical development into modes, represented 
by equation (27) of Chapter 1, by a simpler type of 
analysis which connects it with the ray picture. For 
the sake of simplicity let the phenomena be two- 
dimensional, confined to the horizontal x direction 
and the vertical z direction. If the wavelength is 
small enough compared to the dimensions of the 
duct, the electromagnetic field at some distance from 
the transmitter may, in any sufficiently small volume 
element, be represented by a plane wave whose wave 
front is perpendicular to the direction of the rays. 
Such a plane wave may be written as 


E = Eye est2+) | (10) 


Confining ourselves for the moment to the case of 
the plane earth, it is found from electromagnetic 
theory that 
2 

ke +22 = (=) (11) 
where 7 is the refractive index in the volume element 
considered, and 2 is the free space wavelength. Since 
k and I are proportional to the directional cosines 


between the direction of the ray and the x and z axes, 
we may put 


b= cose, 


j= smal (12) 
r 

where @ is the angle between the ray, or the normal 

to the wave, and the horizontal. 

The further mathematical analysis shows that, 
for a horizontally stratified medium where n is a 
function of z only, we have kK = constant. In view of 
equation (12) this gives us n cos a = constant, 
which is just Snell’s law for a plane earth, as enunci- 
ated before. 


The ray picture, being a rough approximation, 
gives an electromagnetic field in some regions and 
none in others. In the rigorous solution of thé wave 
equation there is some electromagnetic field strength 
everywhere. Consider in particular the region just 
above a duct. There are regions of ‘‘shadaw’’ above 
the duct caused by the fact that some of the rays 
are bent downward in the duct. Clearly, at the point 
of reversal of a ray, a = 0 and hence J =0. If we 
proceed farther upward in a duct n decreases, and 
it follows from equation (11) that if n decreases 
sufficiently 7 must eventually become imaginary. 
Instead of a wave component in the z direction we 
then have an electromagnetic field which decreases 
exponentially as we go upwards. In the top layer 
of a duct, the decay takes place very gradually 
because the change in refractive index is extremely 
slow. Eventually, however, n must beginto increase 
again as we go still farther upwards from the duct 
and there comes a height where / is again real and 
an ordinary wave is again possible. This behavior 
might be likened to that of a metal foil so thin as 
to be partly transparent for the waves considered. 
The duct thus may be likened to a waveguide 
bounded on one side by a solid reflector, the ground, 
and on the other by a semi-transparent reflector. 
The mathematical theory of ducts has therefore 
often been designated as leaky waveguide theory. 

A closer study of the height-gain functions which 
appear in the mode formula, equation (27) of Chap- 
ter 1, shows that in the presence of a duct the leak- 
age across the upper boundary of the latter is the 
more pronounced the higher the order of the mode, 
and that for sufficiently high modes there is almost 
no confinement of the electromagnetic field within 
the region of the duct. In consequence of this fact 
the exponential damping with horizontal distance, 
which is characteristic of each mode, is more pro- 
nounced for the higher modes, because for these 
modes the electromagnetic energy rapidly “leaks 
away” from the duct. At large distances from the 
transmitter the field in and near the duct is therefore 
described by the lowest mode alone. This depends, 
of course, partially on the relative strength of excita- 
tion as well as on the attenuation of the various 
modes. 

Another aspect of the wave theory of-ducts which 
is of great practical importance is the cutoff effect. 
Tt is well known that any ordinary metallic wave- 
guide has a cutoff frequency below which the guide 
cannot transmit an electromagnetic wave. The mathe- 
matical treatment of the duct shows that there is 
a similar lower limit of frequency for transmission 
through a duct, but, because of the “leakage’’ 
phenomenon, it is found that there is no sharply 
defined cutoff frequency but a gradual decrease of 
the duct’s ability to confine radiation within itself 
with decreasing frequency. Figure 7 is a graph 
giving representative values for what may be taken 
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as the cutoff frequency of a duct as a function of its 
height in feet and AM, the decrease of M in the in- 
version layer. These values are the result of a some- 
what crude approximation and should not be taken 
to indicate more than the order of magnitude of the 
frequency at which this effect occurs. 
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Figure 7. Maximum wavelength trapped in a simple 
surface duct. Duct width d in feet. A M is total decrease 
of M in duct. Amax = 2.5d V A M 10-5. 


REFLECTION FROM ELEVATED LAYERS 


Reflection from elevated layers has so far been 
observed systematically only under the rather spe- 
cial meteorological conditions at San Diego, but it 
probably occurs elsewhere, though with a lesser 
degree of regularity. It appears when there is a 
strong elevated M inversion. Such an M curve is 
very nearly equivalent to a true discontinuity of 
refractive index, and the effect on a wave traversing 
such a region is similar to that of a boundary between 
two media, the more nearly so, the larger the M- 
inversion gradient. If there is a true discontinuity, 
an incident wave is split up into a reflected and a 
transmitted wave. If the discontinuity is replaced 


by an M inversion layer, the reflected wave still 
persists but becomes weaker the less steep the in- 
version. The distinction between this phenomenon 
and the apparent reflection in the duct where the 
rays become horizontal before turning downward is 
usually fairly clear-cut. The true reflection described 
here occurs primarily in waves which are so long as 
to be below the cutoff. 

There exists a case of gradual transition between 
two media with different refractive indices for which 
the wave equation can be integrated.‘** 4% 

This can be applied qualitatively to the case,77 
in so far as earth’s curvature can be neglected. 
Figure 8 shows the calculated ratio in decibels of 
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Figure 8. Calculated reflection ratio in decibels. 


reflected to incident wave for various angles of in- 
cidence plotted against the ratio of thickness of the 
transition layer to wavelength as abscissa. 

The verification of this theoretical concept in the 
San Diego experiments will be discussed in the next 
chapter. 


Chapter 3 


METEOROLOGICAL MEASUREMENTS 


INTRODUCTION 


Aes DIRECT MEASUREMENT of the refractive index 
of air is carried out in the laboratory under 
closely controlled conditions. The variations of the 
refractive index in the atmosphere which are of 
paramount importance for propagation problems are 
determined indirectly by measurements of the tem- 
perature and humidity. From the values of these 
latter the refractive index is computed by equation 
(9) of Chapter 1. There has been no reason, so far, 
to doubt the reliability of this procedure, and specu- 
lative assumptions of the failure of this relation 
which have been brought forward at times during 
the war have not been accepted. 

This chapter describes measuring equipment that 
was especially developed during 1943 to 1945 to 
study refractive index variations. Following this 
description is a collection of actual M curves which 
have been measured in different parts of the world. 


TEMPERATURE AND HUMIDITY 
ELEMENTS 


The value of the refractive index n, or of M as 
defined by equation (4),Chapter 2, is sensitive to 
relatively small changes in temperature and especially 
in humidity. Both accuracy and speed in determina- 
tion of M are required. Speed is especially necessary 
because a considerable number of points generally 
are needed to determine the shape of an M curve. 
Electrical methods have been used almost exclusively 
for these measurements, though an ordinary psychro- 
meter will do in the absence of more specialized 
equipment. 

There is no particular difficulty in measuring the 
temperature with suitable accuracy, such as +0.2 C. 
The electric resistance element used in the Bureau 
of Standards radiosonde is well suited to the purpose 
and is commercially available. More recently ther- 
mistors have been used. At stationary installations 
in England ordinary nickel or platinum resistance 
thermometers have been installed, primarily for 
recording purposes. 

Humidity may be measured either directly, or 
indirectly by measuring the wet bulb temperature. 
Hair hygrometers are unsuitable because of their 
large time lag. For the direct measurement of 
humidity electrolytic resistance elements, such as 
are standard in the U.S. Weather Bureau radiosonde, 
are used. The active agent in this type of element is 
an aqueous solution of lithium chloride which is 
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deposited as a film on a small cylinder. The resist- 
ance of the solution is highly sensitive to changes in 
relative humidity of the surrounding air. In England 
a variant of this principle has been employed where 
the lithium chloride solution is absorbed in a cotton 
cloth. 

In the indirect method of measuring humidity a 
thermistor of cylindrical form is surrounded by a 
moist wick which, with proper aeration, indicates 
the. wet bulb temperature. To insure insulation the 
element is covered with several coats of insulating 
lacquer before the wick is attached. 

The main problem in all these devices is that of 
time lag. When mobile carriers such as captive 
balloons, kites, airplanes, or ships are employed, it 
is in general necessary to obtain an individual reading 
within less than a minute, and the response of the 
measuring elements to the temperature and humidity 
of the ambient medium must be reasonably close 
within the time available. 

The time lag constant is the time required to 
attain the fraction 1 — (1/e) = 0.63 of the total 
change, if the temperature (or humidity) is changed 
suddenly. For the temperature elements the time 
lag constant is several seconds in an air stream with 
a velocity of 2 to 5 m per sec. The lag depends 
somewhat on the position of the element relative to 
the air stream and is a maximum when the element 
is perpendicular to the stream. The lag constant of 
the same element, used as wet bulb indicator with 
wick applied, is only slightly larger than that of the 
dry element. The lag constant of the Bureau of 
Standards humidity element has been measured in 
several laboratories, and there seems to be some 
controversy as to its exact value, the results varying 
from a few seconds to about 45 sec,??8 the latter in 
an air stream of 2 to 5m per sec.?38 


THE WIRED SONDE 


Temperature and humidity elements of the type 
described are combined in a lightweight assembly 
which can be moved rapidly through the lower 
atmosphere. Such equipment, when first built in 
‘England, used dry and wet thermoriles,??” and 
soon thereafter the same method was adopted by 
the State College of Washington, ??°'23?)234 and, with 
slight modification, by the Navy Radio and Sound 
Laboratory [NRSL] at San Diego. 35 238 This design 
uses a combination of a resistance temperature 
element and an electrolytic humidity element. The 
instrument developed by the Radiation Laboratory 
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of the Massacnusetts Institute of Technology uses 
dry and wet resistance elements. **° 

The physical assembly consists of bakelite tubing, 
in which the two elements are mounted perpendicular 
to the axis. The tube is surrounded by a radiation 
shield of aluminum foil. Wet and dry bulb instru- 
ments need artificial aeration in calm air which is 
provided by a small electric fan. Among the instrt- 
ments containing electrolytic humidity strips only 
the late model of NRSL incorporates artificial aera- 
tion. Other instruments of this type, when used in 
calm weather with a captive balloon, are aerated by 
giving the cable a few jerks of several feet amplitude. 

In both captive balloon and kite equipment only 
the measuring elements are carried aloft with fine 
wires in the cable to connect with the rest of the 
circuit. The assembly that is carried aloft is therefore 
quite light, weighing only about a pound in the case 
of nonaerated instruments and 3 to 4 pounds for 
aerated ones. 

Figure 1 shows a wiring diagram for the Washington 
State College sonde. The diagram is largely self- 
explanatory. The switches 8; S2 S83 are contained in 
the pile-up of a single relay and are-actuated by a 
miniature worm-geared motor as shown. They reverse 
the current through the elements in order to avoid 
polarization, while at the same time maintaining 
constant polarity at the meters. The period of 
reversal is 0.5 sec and the 1,000-u»f condensers in 
parallel with the meters serve to smooth the inter- 
rupted current. 

Figure 2 shows a schematic wiring diagram for the 
dry and wet bulb resistance elements of the Radiation 
Laboratory instrument. The resistanee of the thermal 
element X controls the bias of one triode of the 


double triode 6SN7 which acts as a vacuum tube 
voltmeter to compare the resistance of the thermal 


element with a standard resistance. A 1-ma recording 
meter is placed between the two plates. In operation 
the dry and wet elements are switched into the 
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Ficure 1. Circuit diagram for State College of Wash- 
ington wired sonde. 
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Ficure 2. Circuif diagram for electronic amplifier for 
measuring temperature. (Radiation Laboratory, MIT.) 
circuit alternately. Calibration of the amplifier is 
obtained by switching a series of precision resistors 
in steps of 1,000 ohms into the circuit in place of the 
thermal element. The stability of this voltmeter is 
such that with a change in line voltage between 95 
and 120 v there is no observable change of the 

meter at any given deflection. 


REFRACTIVE INDEX MEASUREMENTS 


The methods which have been used to make 
refractive index measurements in the lower atmos- 
phere are the following: 

1. Stationary installations on towers, usually with 
automatic recording on the ground. Aerated wet and 
dry bulb instruments are installed at several heights 
giving a continuous survey of the M curve between 
the ground and the top of the tower. 

2. Installations similar to (1), on shipboard, with 
the meters or recording equipment in the ship’s 
cabin. In order to explore the humidity distribution 
in the lowest layers adjacent to the sea surface, the 
instruments have been mounted at the end of a beam 
that pivots about a horizontal axis fastened to the 


side of the ship. This device has been used extensively 


in the Irish Sea experiments. Artificial aeration of 
shipborne installations is not usually necessary 
because in calm weather the necessary velocity of 
the air is provided by the motion of the ship. 

3. Airborne installations. The unit is mounted at 
a convenient place on the outside of the plane where 
it is not affected by motor exhaust or propeller slip 
stream, with the meters or recorders in the ship’s 
cabin. Comparatively slow-flying planes have been 
used for such measurements, not only in order to 
minimize the dynamic temperature correction, but 
also because in a fast-flying plane too long a column 
of air-will be sampled during the period of relaxation 
of the instrument. In airplane measurements it is 
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necessary to keep track of the altitude of the plane 
by means of a carefully calibrated altimeter. 

4. Captive balloons and kites. In these devices only 
the measuring unit is carried aloft, the indicating or 
recording meters remaining at the ground. Three 
wires are required when the instrument is nonaerated 
and two additional ones when an aeration motor is 
provided. The wires are of thin insulated copper, 
stranded together into a cable, although more 
recently aluminum wires have been tried because of 
their greater mechanical strength.?35 The fine wires 
of the cable are wound in a high-pitch spiral around 
a strength member consisting of fishline and then 
glued to the latter. Considerable effort has been spent 
on the development of these cables which constitute 
the most critical part of the balloon sonde equip- 
ment 

Captive balloons are used in calm weather and in 
winds ‘not exceeding about 4 m per sec. For higher 
wind velocities the balloons become difficult to mani- 
pulate, and a kite is then used to carry the measuring 
unit aloft from the ground or even from shipboard. 
Small barrage balloons have a greater lift than 
ordinary weather balloons and can be used in the 
same winds as kites because of their streamline 
shape. They are, however, less mobile and require 
more hydrogen than the smaller balloons. 

The cable for the balloon or kite is wound on a 
drum, and connection with the stationary meters is 
made by means of slip rings. The height of the balloon 
or kite is determined by the Jength of cable paid out 
together with a rough measurement of the angle 
of the cable. 

Captive balloons reach heights of several hundred 
feet without difficulty and even heights of 1,000 to 
2,000 ft are not infrequent. 


OTHER METEOROLOGICAL 
INSTRUMENTS 


It is hardly necessary to say that measurements 
of atmospheric temperature and humidity are pos- 
sible and have been made, with instruments of a 
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Ficure 3. Representative standard M curve. (836 M 
units per 1,000 ft.) 


more conventional type. In the early stages of our 
knowledge of nonstandard propagation, surveys were 
made by means of an ordinary psychrometer held 
out: of the window of a slowly cruising plane and 
aerated by the slip stream. The British installations 
commonly use multijunction dry and wet thermo- 
piles which have the advantage of not requiring 
elaborate calibration. In connection with captive 
balloons this type of equipment is somewhat clumsy 
in that the cold junctions have to be carried aloft 
in a Dewar flask. 

It should be noted here that the ordinary 
noncaptive radiosonde as used in the routine meteoro- 
logical observations of the U.S. Weather Bureau and 
of the Armed Services is not suitable for radio- 
meteorological purposes. The reason is that these 
sondes are designed to give representative data only 
at definite and fairly large vertical intervals, 100 ft 
or more. These are too widely spaced to yield a 
representative M curve, as the characteristic features 
of the latter are usually concentrated in the lowest 
strata of the atmosphere. 

Wind measurements are of importance in connec- 
tion with propagation problems, for reasons which 
will be given in detail in the chapter on weather 
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Ficure 4. Representative nonstandard M curves from the Massachusetts coast. 
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Ficure 5. M curves from the Massachusetts coast showing strong ducts. 


forecasting. They are particularly significant at 
coasts when off-shore winds or land and sea breezes 
are present. Sensitive and carefully calibrated 
anemometers with ordinary wind vanes prove 
adequate for measurements of this type. Special 
equipment such as supersensitive anemometers, 
developed for particular purposes such as chemical 
warfare problems, are not usually needed because 
the large area covered by radio transmission paths 
or radars renders too detailed measurements useless. 
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REPRESENTATIVE OBSERVED 
M CURVES 


A small catalogue of WM curves that have been 
actually measured in various parts of the world by 
means of the equipment described previously con- 
cludes this chapter. Most of the curves presented 
were taken over the ocean merely because the 
majority of experimental measurements have been 
made there. Experience indicates that there is not 


Ficure 6. M curves from Taboga Island near Balboa, Canal Zone. 
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Figure 7. M curves from a flight west of San Diego. 
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Ficure 8. M curves from New Zealand, east coast near Cook Strait. 


much difference in the types of M curves over land 
‘and over sea except that standard propagation con- 
ditions will in general be much more common over 
land for reasons that will appear in Chapter 5. In 
all these graphs the actually measured points are 


entered so that the reader may gain an idea of the’ 


degree of accuracy obtained with this equipment. 

Figure 3 shows a standard curve as measured at 
the coast of Massachusetts. The linearity of the 
refractive index in this case is not an accident but 
is the result of the definite physical condition of 
thorough turbulent mixing in the lower atmosphere, 
as will be explained in more detail in Chapter 5. 
Since this is a fairly frequent condition, standard 
curves are actually quite common, and in them the 
measuied points cluster well around a straight line 
as shown in Figure 3. 

Figures 4 and 5 show a set of nonstandard curves 
selected from a large series of measurements taken 
on the Massachusetts coast in the summer and fall 
of 1943.4° Here the M curves are quite irregular, 
perhaps more so than is common at other locations. 
These curves show various types of ducts, some of 
them rather weak, others with a decrease of M as 
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Figure 9. M curves from the New Guinea area. 
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Ficure 10. Detailed M curve taken over the ocean near 
New Guinea. 


24 


TECHNICAL SURVEY 


100 
80 
Gi 
iGO 
iS 
E 
x= 
oO 
w 40 
= 1900 1715 
20 MARCH 1945 2 MARCH 1945 
: ee 
WATER SURFACE WATER SURFACE 
O L_ 0 = e 
340 350 360 370 380 390 400 340 350 360 370 380 390 


Ficure 11. M curves over the ocean at Antigua, British West Indies. 


much as 20 units or even more. 

The curves of Figure 6 were taken at Taboga 
Island, some 15 miles south of Balboa, at the eastern 
entrance to the Panama Canal. They show various 
familiar types of duets; two of the curves represent 
transitional cases where the M curve is steeper than 
standard but does not bend backward. 

Figure 7 illustrates the typical elevated duct found 
in the San Diego region. Both below and above the 
inversion region the M curve is standard. The various 
curves shown were measured at several distances on 
a flight from San Diego outward. 

Figure 8 is a set of M curves that were measured 
on the east coast of New Zealand, at a point some 
100 miles south of Cook Strait.??* These curves 


provide good examples of the type of M curves that 
consist of several very nearly linear sections. 

Figure 9 shows two soundings from the tropical 
Western Pacific. The curve at the left was taken at 
Biak Island, New Guinea, and is remarkable for the 
presence of two ducts, a ground-yased and an 
elevated one, The curve at the right was taken 
at Saipan. : 

Figure 10, taken near New Guinea, shows in more 
detail the structure of the low maritime duct which 
in this case is only about 30 ft high.? This type of 
duct has been studied carefully in the transmission 
experiments at Antigua in the West Indies which 
are reported in Chapter 4. Two typical soundings 
taken near Antigua are reproduced in Figure 11.1% 


Chapter 4. 


TRANSMISSION EXPERIMENTS 


BRITISH EXPERIMENTS 


N THE DEVELOPMENT of short and microwave 
communication and radar, the British were first 
to make systematic transmission experiments on a 
large scale. A number of such experiments were 
carried out at wavelengths below 50 cm, beginning 
about 1936 with some transmission paths over land, 
some over sea; and experiments in the 10-cm band 
were undertaken in the early years of the war. These 
experiments will not be reported individually because 
the earlier results are reproduced and verified in the 
later and more elaborate trials. Instead, attention 
will be confined to two major experiments, one over 
the sea and one over land.**!° 


Tue Irish SEA EXPERIMENT 


This transmission experiment represents a 
cooperative enterprise undertaken jointly by the 
Radio Division of the National Physical Laboratory, 
the Telecommunications Research Establishment, 
Signal Research and Development Establishment, 
The Ministry of Supply, The Naval Meteorological 
Service, The Meteorological Office, and the General 
Electric Company, Ltd. One-way transmission with 
stationary apparatus was carried on in the winter 
of 1943 to 1944 and continued in operation until 
the end of the war. 

Practically all the transmission is over the sea at 
wavelengths of about 9, 6, and 3 cm. At each fre- 
quency the transmitted signal consists of square 
pulses, with equal on-off periods and a repetition 
frequency of 1,000. The 1,000 cycle component of the 
modulation is reetified in the receivers to operate 
the recording milliammeters, and provision is made 
for monitoring the transmitter power and the sensi- 
tivity of the receivers in terms of a suitable standard. 
Parabolic mirrors 48 in. in diameter are used for all 
transmitters and receivers and aie permanently 
mounted inside the station buildings behind large 
canvas-covered ‘‘witidows.”’ 

There are two transmission paths, 57 and 200 
miles in length, which run roughly from south to 
north, but diverge from each other by about 17 
degrees and have the transmitting station in common 
at the southern tip in South Wales. There are trans- 
mitting stations A and B at 540 and 90 ft above sea 
level respectively. The receivers, C and D, for the 
short path are in North Wales at two heights, and 
Eand F, for the long path, in Scotland at two heights! 
In units of the geometrical horizon distance the 
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lengths of the various transmission paths are as 
follows. 


AC BC AD BD AE AF BE BF 


0.89 1.21 


It has not been found possible to utilize all these 
paths at the same time, because the amount of 
records accumulated proved too great for evaluation, 
but selected runs at various frequencies and for 
several paths have been made. 

There is an elaborate setup for measuring meteoro- 
logical conditions simultaneously with the intensity 
of the transmitted signal. A weather station is 
located at each of the three terminals, but the main 
meteorological program is carried out from ships 
which ply along the transmission paths. The Admiralty 
has detailed three ships for the sole purpose of making 
these measurements so that the transmission path is 
continuously covered by at least one ship on duty. 
The ships are provided with elaborate meteorological 
equipment of the type described in Chapter 3. 


RESULTS 


The following is a qualitative summary of some 
of the results obtained thus far. 

1. There is general agreement between signal 
variations over the two paths, though the short 
period variations often differ. 

2. Signals are obtained over the long path only 
when the signal strength over the short path BD is 
high. But if the latter condition is fulfilled, the former 
does not always follow. 

3. There is a marked diurnal variation when the 
general signal level is low or moderate with strong 
signals in the late afternoon or evening and a 
minimum between 6 a.m. and 9 a.m. 

4. There is evidence of an appreciable seasonal 
variation with high level for a greater fraction of 
the time in summer than in winter or spring. 


5. Low level occurs commonly, but not always in 
conditions of fog or low visibility. 

6. Low signal level is usually observed at the 
passage of warm fronts and high level at the passage 
of cold fronts. 

7. Generally speaking, high signal level tends to 
occur in periods of anticyclonic weather. 

A typical record of signal strength for 9-em waves, 
representing hourly mean values for a month, is 
shown in Figure 1. These records are from two 
links of the short path, both nonoptical. Important 
meteorological phenomena, especially passage of 
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Figure 1. Signal strength in decibels above 1 uv receiver input. S band hourly means, June 1944. (Irish Sea experiment.) 


(C = cold front, W = warm front, O = occluded front.) 
fronts, are shown at the top of the diagram. W indi- 

sates warm, C cold, O occluded. Note in particular 
the standard and the free space level indicated on 

the lower record and the ‘free space level on the 

upper. The standard level for the latter would be 
about 33 db below the zero line. This record, which 

is by no means exceptional, gives a fair idea of how 
vastly the signal exceeds the magnitude calculated 
for standard conditions. At the same time it shows 
the highly irregular character of these phenomena 
and the difficulty of correlating them in a simple 

way with the weather or other conditions. 


OVERLAND PaTH 


An experimental overland path 38 miles has long 
been operated in the neighborhcod ‘of London between 
the Admiralty Signal Establishment at Whitwell 
Hatch and the General Electric Laboratories at 
Wembley. The wavelength is in the 10-cm band, 
and transmission, monitoring, frequency control, and 
recording are fully automatic. The path is optical 
except for some houses and trees near the receiver 
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Figure 2. Whitwell Hatch-Wembley path, March 1944. 
S band hourly mean intensities in decibels above 1 pv 
receiver input. 


which introduce a diffraction loss estimated at 30 
db. As is generally the case with paths that are 
optical or nearly so, the fluctuations of received 
intensity are far less than in the case of long non- 
optical paths. Figure 2 shows a record for one month 
in 1944. The large diurnal fluctuations in amplitude 
with maxima above normal in the early morning 
hours occur in the beginning of the month and at 
several occasions later, especially from the 21st to 
the 26th. These are related to weather conditions 
with clear skies, as will be explained in Chapter 4. 

The work undertaken in England on experimente] 
transmission paths of various types is quite extensive, 
and the preceding description hardly gives an idea 
of the variety of experiments made and results 
obtained. Most of the experiments are of a smaller 
size than the ones described here. 


EXPERIMENTS AT THE EASTERN 
COAST OF THE U.S. 


In the early years of the war a transmission 
experiment was undertaken by RCA Communica- 
tions, Inc., between New York and two points on 
Long Island.13!% The short path of 42 miles was 
optical, but the long path of 70 miles was nonoptical, 
the receiver being about 400 ft below the trans- 
mitter’s line of sight calculated on a 4% earth’s radius 
basis. Transmission was carried out on 45, 475, and 
2,800 me. The results show what has been confirmed 
by later experiments, that the amplitude of fluctua- 
tions is larger the higher the frequency. On the 
optical path the range of fluctuations of the 45-me 
signal averages only +3 db, whereas over the same 
path the 475-me and 2,800-me signals exhibited 
fluctuations which were in excess of 40 db, so far as 
they could be measured. As was to be expected, the 
2,800-me signal fluctuated more than the 475-me 
one. Over the nonoptical path all three signals show 
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very wide fluctuations of intensity, the rate and 
amount again increasing with the frequency. 

In the course of these experiments a certain amount 
of meteorological study was carried out and fore- 
casting of propagation conditions was done on a 
tentative basis. The general results again fore-shad- 
owed the more complete data obtained by later 
studies, and a description of the details will be 
omitted here. 

Similar experiments were carried out simultane- 
ously by the Bell Telephone Laboratories [BTL] on 
optical paths near New York City. The wavelengths 
employed were 10, 6, and 3 cm.1®°!74 Here we find 
clearly established the different signal or fading 
types that are described in detail below. 

A very extensive program of transmission measure- 
ments was carried out by the Radiation Laboratory 
of Massachusetts Institute of Technology [MIT]. 
The meteorological records were made in cooperation 
with the U. 8. Army Air Forces. The first measure- 
ments were made in 1942, and experiments on a very 


large scale were carried out in 1944. 3:1 12) 188,183 Two. 


optical transmission paths were operated in 1943, 
a 22-mile path over the sea and a 45-mile path over 
land. A 10-cm continuous signal was used, and the 
strength was monitored by means of thermistors. The 
antennas were dipoles with 30-in. parabolic reflec- 
tors. The received signal was automatically recorded 
on meters having a range of 60 db. The signals 
received were correlated with meteorological observa- 
tions, the results of which will be given below. 

In the spring of 1944 a new over-water transmission 
path was installed which was operated simultaneously 
with the 22-mile one. This path was nonoptical, 41 
miles long, and crossed Massachusetts Bay from the 
southern tip of Cape Ann to the northern tip of Cape 
Cod near Provincetown. Transmission over this path 
was carried on with 256-cm waves, 10-cm S band, 
3-em X band, and 1.25-em K band. The 256-cm 
equipment used Yagi antennas and operated with 
continuous waves. The microwave transmitters used 
pulses with a repetition frequency of 700 c and used 
parabolic reflectors as antennas. 

The transmitter for the short path was about 120 
ft above mean sea level, and the transmitters for the 
long path were at a similar height. The two receivers 
were about 136 and 30 ft above mean sea level. The 
transmitter power was monitored and continuously 
recorded during the experiments while the receivers 
had automatic frequency control with apparatus 
which searches for the signal if it is lost. The auto- 
matic gain control of the receivers was arranged to 
give a spread of the signal over 70 to 80 db. The 
receivers were directly calibrated by means of signal 
generators and a very close check was kept on their 
performance throughout. The rectified output of all 
receivers was fed directly into recording milliammeters. 

Coincident with the operation of these transmission 
paths there was a very extensive meteorological 


program determining sea and air temperatures and 
atmospheric humidities by means of fixed installa- 
tions, captive balloons, ships, and airplanes. The 
distribution of the refractive index along the trans- 
mission path was thus known in considerable detail 
during practically the whole course of the experi- 
ments. Concurrently with ‘these measurements, a 
program of forecasting the transmission conditions 
was carried out. 


RESULTS 


The results obtained on the various transmission 
paths on the east coast of the United States are 
rather closely similar to each other, and the graphs 
presented here may be taken as being characteristic 
of all of them. 

Figure 3 shows the signal types observed at the 
microwave frequencies, S band and X band. The 
first type is well above the standard level with high 
signal on the average. It has roller fades with periods 
of from 2 min to an hour or so which may go down 
to the minimum detectable level. These periods are 
generally shorter at any time on the X than on the 
S band. When this type of signal was present on the 
S band, it was almost invariably present on the X 
band and on both the short and long paths. It always 
occurred simultaneously on the high and low receivers 
at any frequency. 

The second type is high and steady at anywhere 
from 5 to 30 db above the standard, generally higher 
on the X than on the S band. Most of the time this 
type occurred simultaneously on both bands, but 
there were some occasions when the S-band signal 
was of the high and steady type while the X one 
was of the first type, high with roller fades. 

The third type of signal is about standard and 
fairly steady which may be a limiting case of the 
high and steady variety. It does not necessarily occur 
on both frequencies and on both high and low © 


. receivers at the same time. 


The fourth type is standard on the average, with 
scintillations of more than 10 db. The reason for the 
difference between this and the preceding type has 
not yet been established. The scintillations may 
occur on either the S or X band while at the same 
time the other signal is steady. 

The fifth type, known as “blackout,” is far below 
standard and shows strong scintillations. In general 


- it occurs simultaneously on both frequencies, both 


paths, and on both high and low receivers. 

Figuze 4 shows a similar set of signal types as 
observed with 256-cm waves. These are distinct 
from those observed at the microwave frequencies 
not only in appearance but also in times of occur- 
rence. In general no relation has been found to exist 
between the signal type at this frequency and that 
observed simultaneously on S or X band, although 
on rare occasions such a relation is indicated; the 
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Ficure 3. Microwave signal types Sq and X band, Massachusetts Bay. 


type may remain constant on one frequency and 
change on the other. Steady signal is most frequent 
at 256 cm, but the other types shown also occur 
fairly often. Variations of 30 to 40 db overall take 
place, and the variations may be fast or slow. 

A statistical study of the frequency of occurrence 
of various signals reveals some rather interesting 
features. Table 1 shows the frequency of occurrence 


of above standard, standard, and below standard 
types on the § aad X bands during three typical 
weeks in the summer of 1944. In these statistics the 
range of the standard signal was taken as +5 db 
for the S band and +10 db for the X bard. The 
behavior of the K-band signal is quite similar to 


that of the other two. 
As the season progressed into the fall, standard 
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Ficure 4. Signal types at 256 cm (117 mc per sec), Massachusetts Bay. 


signal became more common and substandard signal 
less frequent especially in the S band. This is shown 
in Table 2. 

These statistical results are characteristic of the 
over-water path near a coast used in the experiments 
of the Radiation Laboratory; and, while the signal 
types shown in Figures 3 and 4 are about the same 


in overland paths, the relative frequency of incidence, 


for the various types is quite different. This frequency 
depends not only on the location of the path but, 
also as shown above, on the season. A more detailed 
analysis shows that it also depends on the particular 
weather situation, which may prevail for periods of 
several days or longer. 

It has been mentioned before that the signal . 
patterns on the S and X bands and those on the 
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Taste 1. S and X bands, July and August. 
Per cent of Percent of Per cent of 
time above _ time below time 
Date standard standard standard 
July 10-16 63 36 1 
Aug. 21-27 97 3 0 
Aug. 28-Sept. 3 80 15 5 


TaBLE 2. Sand X bands, September and October. 


Per cent of Percent of Per cent of 
time above _ time below time 
Date standard standard standard 
Sept. 25-Oct. 1 Ss 58 15 27 
x 80 10 16 
Oct. 16-22 S 76 2 22 
XK 92 0 8 


high and low receivers are closely parallel, Figures 5 
and 6 show these correlations graphically; the first is 
between the S and X bands and the second is between 
the high and the low 8-band receivers. In contradis- 
tinction there is practically no correlation between 
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Ficure 6. Correlation between signal strengths at high 
and low receivers, Massachusetts Bay. 


HIGH SEPT 18-24 1944 
RECEIVERS G 


117 MC 
e OB BELOW 1 WATT 


100 80 60 40 20 
DB BELOW 1 WATT 
S BAND 


Figure 7. Correlation between 117-me and S-band sig- 
nal strengths, Massachusetts Bay. 


the S-band and 117-mce signal levels, as Figure 7 
indicates. 

It is hardly necessary to state that the high signal 
levels occur when the meteorological measurements 
show the presence of a duct and the substandard 
signals occut when the M curve is of the substandard 
type. It will not be possible, in this summary report, 
to enter into the detailed relationship between signal 
strength and M distribution. In a general way the 
experimental results confirm the electromagnetic 
theory in so far as it has been worked out at present. 

Another aspect of the short wave transmission 
that has been studied in these experiments is the 
relationship between radio and radar transmission. 
Since radar involves two-way transmission, its path 
factor, as defined in the beginning of Chapter 1, is 
the square of the path factor for one-way trans- 
mission. Therefore the change with distance in the 
received-field strength is more rapid with radar than 
with the one-way radio. 

In order to study this relationship, two small 
mobile radar sets on the S and X bands were set 
up near the transmitter of the long path, at Province- 
town. Echoes from natural targets along the coast 
of the mainland were studied in connection with the 
soundings and correlated with the one-way trams- 
mission measurements. In Figure 8 is shown a 
correlation between the signal strength of the X-band 
radar and the signal strength of the high X-band 
receiver of the long transmission path. The radar 
target is near the one-way receiver so that both paths 
are practically coincident. When the radar signal was 
below the limit of sensitivity, it is indicated on the 
eraph by this limit so that the lower points of the 
diagram really have little physical significance. If a 
straight line is drawn, averaging the variation of the 
higher points, its slope is roughly 2:1 as should be 
expected. 

Figure 9 shows a correlation between the one-way 
signal strength on the S band and the maximum 
range of fixed echoes detected by the S-band radar 
along the coast. It is interesting to note that super- 
standard radar ranges do not appear until the one- 
way signal has reached a certain, rather larger value. 
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The one-way signal does not seem to be able to 
increase much beyond this value, whereas the range 
of detectable radar targets rises with extreme rapidity. 
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Ficure 8. Correlation between one-way and radar sig- 
nal strengths over the same path. X band, Massachu- 
setts Bay. 


EXPERIMENTS IN NORTHWESTERN 
UNITED STATES AND CANADA 


STATE COLLEGE OF WASHINGTON PROJECT 


During 1943, a series of transmission experiments 
were carried out by a group of workers from the 
State College of Washington under the auspices of 
Division 14, NDRC.134; 187,164, 228 The first series of 
tests were made in the neighborhood of Spokane over 
14- and 52-mile optical paths and over a 112-mile 
nonoptical path. Later in the same year a transmis- 
sion path 20 miles lone with receivers both below 
and above the optical horizon was installed on the 
east side of Flathead Lake, Montana. 

Among the tests carried out by this group was an 
experimental telephone communication on 10-cm 
waves which gave excellent results. The earlier 
experiments demoustrated the necessity of having 
detailed data on the refractive index variation in 
low levels and thus led to the development of the 
State College of Washington wired balloon sonde, 
described in the preceding chapter and of basic 
importance for further propagation work. The first 
model of the sonde was used systematically in con- 
nection with the Flathead Lake transmission path. 

The location of these experiments has a climate of 
a continental type, there being several mountain 
ranges between these spots and the Pacific coast. 
The air is comparatively dry, and the structure of 


the lowest strata is subject to the large variations: 


of temperature and of stability typical of continental 
conditions. 

The general results of these tests are similar in 
many respects to those found at the east coast of 
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Ficure 9. Correlation between maximum radar ranges 
and one-way signal strength. X band, Massachusetts 
Bay. 


the United States. The signal types are analogous, 
but the times and frequencies of occurrence are often 
quite different. In the Flathead Lake experiments, 
where strong ducts were often present, signal level 
variations of 50 db were observed for the optical 
path, 55 db for the nonoptical paths. The correlation 
between the observed M curves and the received 
signal strength was extremely close, high signal 
levels being observed when the measured M curves 
showed the presence of a duct; and standard signal 
levels, when the M curve was of the standard type. 
Similar observations were later made many times 
over in other experiments such as those at Massa- 
chusetts Bay, already described. 

Figure 10 shows typical signal records in form of 
hourly maxima and minima over a three-day period 
for the 20-mile path on Flathead Lake. Though the 
path itself is entirely over water, the over-water 
trajectory of the air is limited by the dimensions 
of the lake. Both receiving stations are below the 
line of sight, the upper by 91 ft, the lower by 132 ft. 
There is, in this graph, a rather clearcut distinction 
between periods of standard propagation with a 
comparatively limited margin of variability of the 
signal, and periods of sunerrefraction accompanied 
by very deep fades. This behavior is found in most 
propagation experiments but is perhaps rarely as 
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Ficure 10. Variation of signal strength over 3 days. Two receivers on S band, Flathead Lake, Montana. 


well marked as in this graph. Another feature of 
interest is the fact that the maximum signal level 
is fairly close to the free space level. This has been 
found to hold approximately in a number of other 
propagation experiments where, in the presence of 
a duct, the maximum received level seems to occur 
not far from the theoretical free space signal level. 
No explanation for this behavior has been given, and 
it may be purely accidental. 

Figure 11 presents, for part of the same period as 


shown in Figure 10, the value of k as a function of 


time at a point on the transmission path. Here k 
is a measure of the slope of the M curve in the lowest 
strata. Combining equation (17), Chapter 1, and 
equation (4), Chapter 2, we have 1/ka = dM/dh - 
10-5. Thus when k is negative a duct is present. It 
will be seen that the incidence of negative values of k 
correlates well with high signal strength in Figure 10. 


CANADIAN EXPERIMENTS 


The Canadian transmission experiments are being 
undertaken by the Tropospheric Subcommittee of 


TRANSMISSION EXPERIMENTS 33 
-O.1 
300 
REPRESENTATIVE 
| DETAILED 
MS SOUNDING ~|250 
200 
-10) } 
ke3 + — SEPT 16 
SEPT 16 1 
16015 baat ----SEPT 18 
+100 
100 
{ 50 
k ° 
| 270 280 2909 300 
(N-1) X 105—= 
100) 
10} won 
k" AS A FUNCTION OF TIME 
SEPT 16 AND 18 12:00- 18:00 O'CLOCK 
L0e=— — — a Om a ae 
—--~o- ---—-- ----- CAE S23 o-———___ Sons 
0.1 
12 13 la 15 16 \7 18 19 


TIME ‘IN HOURS ——= 


Ficure 11. Values of k as a measure of M or N gradient for part of period shown in Figure 10. 


the Canadian Wave Propagation Committee. They 
were started in the last year of the war and are still 
under way at the writing of the present report. 
These tests promise to throw light upon certain 
aspects of the propagation problem that are difficult 
to investigate elsewhere. The equipment is located 
on the prairies of western Canada. The transmission 
path is over terrain that is as near perfectly level 
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as can be fourd. The ground is covered with short 
grass and is without trees or houses. The region forms 
part of a large flat area in which the atmosphere can 
be expected to be much more homogeneous than 
in more densely populated regions. Extensive meteoro- 
logical measurement by means of stationary installa- 
tions, captive balloons, and airplanes are being 
carried out simultaneously with the transmission 
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Ficure 12 Signal strength at several elevations as function of distance. (Near San Diego.) 
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experiments. The path is 27 miles long with receivers 
mounted on a tower at several altitudes. The trans- 
mitters operate on the S and X bands and are 
pulsed. In addition, radar measurements are being 
undertaken by means of corner reflectors that are 
spaced at regular intervals along. a path 45 miles 
long. It may be expected: that valuable results will 
soon be received on the completion of these experi- 
ments. 


EXPERIMENTS IN 
THE SOUTHWESTERN UNITED STATES 


The Navy Radio and Sound Laboratory at San 
Diego has performed a considerable number of 
propagation experiments which have substantially 
aided our understanding of the phenomena of guided 
propagation. Moreover the meteorological conditions 


During the winter of 1942 to 1943, a series of 
measurements were made on the intensities of arti- 
ficial fixed echoes of a 700-mc radar located near 
San Diego,!?°138 and these were compared with 
measured temperature and humidity gradients in 
the lower atmosphere. A pronounced correlation 
between excessive echo ranges and nonstandard 
M gradients at once appeared. The quantitative 
aspects of these correlations will not be discussed 
here since they are very similar to others of this 
type already reported. 

Another set of observations where the receiver 
was located in a plane is shown in Figure 12.3 The 
receiving antenna was a Yagi, mounted in the nose 
of the plane, records being made when the plane was 
flying over the ocean toward the transmitter which 
was a 500-me radar. Figure~12 represents the results 
of flights at various altitudes on two different days, 
the maxima of the signal strength curves corres- 
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Ficure 13. Signal strength over 80-mile path, San Diego to San Pedro, correlated with height of temperature inversion. 


found in this part of the United States are rather 
unique; and, while they are not, perhaps, reproduced 
at many other places of the earth, they are so clear- 
cut and regular as to facilitate greatly experimental _ 
investigations and their interpretations. | 

The meteorological conditions at San Diego during 
most of the year are characterized by the presence 
of a high-pressure area and high-level subsidence. 
In more concrete terms, there is a surface stratum 
of comparatively cool and moist air on top of which 
there is a layer of very dry, warm air. The transition 
between the two strata is as sharp as can be found 
anywhere, and the transitional layer is often no more 
than a few hundred feet thick. The height of the 
transition layer above the ground is usually between 
1,000 and 3,000 ft and sometimes as much as 4,000 ft. 


ponding to the “lobes” of the transmitter pattern. 
On one of these days a duct was present as shown’ 
in the inset where M is plotted against height. The 
dot-and-dash straight line in this diagram represents 
the condition dh/dM = constant. The most con- 
spicious feature of Figure 12 is the difference between 
the signal distribution in the absence and presence of 
a duct at 500 ft, the lowest level measured, whereas 
the intensities agree fairly well at the higher levels. 
This behavior is in full agreement with the general 
predictions of propagation theory. Nevertheless, the 
detailed interpretation Jed to a slightly different 
result from that expected, as was brought out by 
subsequent experimental investigations. 

In 1944 a one-way transmission path was operated 
between San Pedro and San Diego, an over-water 
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path'’ °° 80 miles long with both terminals at an 
elevation of 100 ft, which were thus well below the 
optical horizon. Three fairly low frequencies, 52, 
100, and 647 me, were used. Figure 13 shows a field 
strength diagram of bihourly means for a periad of 
about six weeks in the early fall of 1944. At the top 
of these diagrams is shown the height of the base 
of the temperature inversion, which is a quantita- 
tive measure of the height of the elevated duct. In 
order to compare these data with the results of duct 
theory, Figure 14 shows the number of lowest modes, 
trapped in the elevated duct, plotted against the 
signal strength. For each point indicated, the number 
of trapped modes is calculated by simple waveguide 
theory from the measured M curves while the field 
strength is that simultaneously measured on the 
transmission path. For the lowest frequency, 52 me, 
the duct is always beyond cutoff and no trapping 
should occur; nevertheless, the field strength record 
shows considerable fluctuation. 

As seen from Figure 14 there is no correlation be- 
tween the field strength and the number of modes 
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Figure 14. Computed number of modes trapped versus 
observed field strength, San Diego Bay. 


that, theoretically, are transmitted by the duct. On 
the other hand, there is a very pronounced inverse 
correlation between the height of the inversion layer 
and the strength of the received signal. This is just 
what should be expected on the basis of reflection, as 
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Figure 15. Ray tracing diagram including rays reflected from elevated inversion layer, San Diego Bay. M changes by 


50 units through the inversion. 
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distinguished from ray bending, from the elevated 
layer of M inversion. The principle of this reflection 
phenomenon has previously been outlined at the end 
of Chapter 2, on page17. Further study shows that 
the rate of change of the field intensity and its varia- 
tion with frequency are just of the magnitude re- 
quired by the theory. Figure 15 shows a ray-tracing 
\diagram on which the paths of the reflected rays are 
indicated. Summarizing the results of this experi- 
ment, it may be said that the phenomenon of reflec- 
tion from an elevated layer has been well established 
qualitatively and, in some respects, quantitatively. 
The meteorological conditions at San Diego are rather 
singular, and so far such reflection occurring in a 
systematic fashion has not been described elsewhere 
though indications of similar effects have occasional- 
ly been reported. 

Another transmission experiment was made by 
the Navy Radio and Sound Laboratory in the 
‘Arizona desert in December 1944.!8* The path was 
nonoptical, 47 miles long, and the frequency used 
was 3,200 mc. The desert air is extremely dry so that 
the contribution of water vapor to the refractive 
index is small and the change in M owing to changes 
in humidity with height is nearly negligible. During 
the clear nights a pronounced temperature inversion 
develops from radiative cooling of the ground, a 
ground-based duct thus being formed. The received 
field strength varied in close correlation with the 
formation and disappearance of the duct, with a 
pronounced diurnal period. The overall results of 
this experiment are again in excellent qualitative 
agreement with the predictions of the duct theory. 
At the same time the experiment also furnished an 
opportunity for studying the development over land 
of low temperature inversions which are valuable 
for radiometeorological forecasting. 


EXPERIMENTS AT ANTIGUA 


Operational experience in the Pacific Ocean led to 
the conclusion that low ducts are very common over 
the ocean surface in subtropical and tropical climates. 
In order to study these ducts, an experiment was un- 
dertaken by the Naval Research Laboratory in the 
spring of 1945.94 The island of Antigua, one of the 
Leeward Islands of the Lesser Antilles in the British 
West Indies, was chosen as the site. The prevailing 
winds there are northeasterly and the air has an over- 
water trajectory of several thousand miles before 
arriving at the island and is therefore considered 
characteristic of large portions of the central Atlantic 
and Pacific oceans. There is almost no diurnal and 
only a limited seasonal variation in the air at the 
lowest levels. 

Equipment for the transmission experiments was 
comprised of S-band and X-band sets provided by 
the Radiation Laboratory, MIT. The transmitters 


with parabolic antennas were mounted on a ship at 
heights of 16 and 46 ft. There were two parabolas for 
each height and each frequency, one set pointing to 
the stern and one to the bow, so that measurements 
could be made on both the outward and inward runs 
of the vessel. Receivers were located at heights of 14, 
24, 54, and 94 ft on a tower at the edge of the water. 
Monitoring and automatic recording were similar to 
those used in the transmission experiments pre- 
viously described. Records were obtained while the 
ship was traveling away from the receiving station- 
and again on its return. Signals could usually be de- 
tected up to 190 miles for some combination of 
transmitter and receiver heights. Direction finding 
equipment was used for keeping the ship on its course, 
and fading of the signal caused by the ship’s being 
off course could be readily detected and rectified. 

An extensive program for measuring low-level 
M curves paralleled the transmission measurements. 
Since the weather conditions at Antigua are quite 
steady there is little variation in these curves, as 
shown by two typical ones illustrated in Figure 11 of 
Chapter 3. The low-level duct indicated by these 
graphs has been found present at all times in this 
location. 

Typical field strength records for the S band and 
the X band are shown in Figures 16 and 17, respec- 
tively, the most outstanding feature being the varia- 
tion of field strength with antenna heights. For the 
S-band transmission, the field strength increases 
slightly with increasing antenna height but not nearly 
so fast as it would under standard conditions. For 
the X band, on the other hand, the field strength, as 
a rule, is increased by lowering the antennas. This 
behavior can be explained on the basis of the mode 
theory of duct propagation as outlined in Chapter 2 
For the shorter wavelength X band, we have genuine 
trapping, so that the field strength is greatest when 
the transmitter or receiver or both are in the duct. 
In terms of the height-gain functions of equation 
(27), Chapter 1, it appears that these functions of the 
lowest mode or modes have a pronounced maximum 
in the duct and decrease rapidly above it. For S-band 


_transmission there is a transition between the com- 


plete cutoff, indicated by a highly simplified wave- 
guide theory, and complete trapping. This inter- 
mediate effect is caused by some leakage of this wave 
train from the duct and the retention by the duct of a 
portion of its wave-guiding properties. The height- 
gain functions, vhile still much larger in the duct 
than in the case of standard propagation, no longer 
have distinct maxima but show a gradual increase 
with height from the ground. This case is particu- 
larly interesting because it clearly exemplifies the 
possible variety of conditions intermediate between 
trapping, as described by the ray tracing of geo- 
metrical optics, and the diffraction around the earth’s 
surface characteristic of standard propagation. 
Figure 16 shows two regions with distinctly 
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different slopes in the curves of power versus dis- 
tance. This probably indicates that two different 
modes predominate in these two regions. The pattern 
shown in Figure 16 can occur if for some distance 
near the ground the height-gain function of the 
second mode is greater than that of the first mode. 
The second mode, however, is attenuated more 
rapidly with distance than the first. At moderate 
distances from the transmitter the second mode 
prevails, but at greater distances it will become 
smaller than that of the first which decreases less 
rapidly with distance. 

Finally Figure 18 shows a set of curves for attenua- 
tion versus distance of the target for an X-band radar 
on Antigua. Again it is evident that, on the whole, 
the lowest elevation of the radar gives the largest 
signal strength. 


RADAR ECHO STRENGTH VS RANGE 
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Ficure 18. Radar echo strength as function of range. 
X band, Antigua experiments. Target is a PC boat. 


ANGLE-OF-ARRIYVAL MEASUREMENTS 


Because the effects of nonstandard propagation 
are most pronounced at great distances from the 
transmitter, they are most important for early warn- 
ing radar and communication work. These effects 
were investigated earlier than the question of the 
deviation of the angle of arrival from that prevailing 
in a standard atmosphere. This deviation, though 
small, may nonetheless be significant for fire control 
radars operating in the microwave band. The angle 
of arrival may vary by several minutes of arc because 
of ducts, and this effect was first studied systema- 
tically by BTL in 1944.19 182 

Figure 19 is a schematic view of the receiving 
antenna used for such measurements. This antenna 
is a section of a parabolic cylinder arranged so that 
its beam, at the center of swing, is directed toward 
the transmitter, this being the angle at which waves 
arrive on a day with standard propagation. The 
antenna measures the vertical angle of arrival and 
a duplicate antenna rotates about a vertical axis 
and measures the horizontal angle. The antennas 
are periodically swung through an angle which is 
set to include the largest variations of the angle of 
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Ficure 19. Sharp-beamed antenna for angle-of-arrival 
measurements. 


arrival. Figure 20 shows a typical record of received 
field strength versus time for a periodic swing, the 
upper record representing the presence of a direct 
ray only, and the lower indicating both a direct and 
a ground-reflected ray. 

Observations near New York during the summer 
of 1944 were made on two optical paths 24 and 12.6 
miles long with a common receiving antenna. These 
measurements are estimated to be accurate to 0.04 
degree, and they indicate that the greatest variation 
of the horizontal angle of arrival is 0.10 degree. 
Fluctuations within this magnitude, however, are 
quite common. The maximum in the vertical angle 
for the long path was 0.46 degree above the standard 
for the direct ray and 0.17 degree below the standard 
for the reflected ray. No correlation between depar- 
tures from the standard of the direct ray and the 
ground-reflected ray has been observed. When the 
direct ray was 046 degree above the standard, it 
was apparently being trapped and no reflected tay 
was observed. The greatest spread observed between 
the direct and reflected rays was 0.75 degree, as 
compared to a standard of 0.35 degree. The variation 
of vertical angle over the short path was less than 
over the long one, the greatest change in angle being 
an increase of 0.28 degree over the standard for the 
direct ray while that of the groun/-reflected ray 
was too small to be observed. 

For early warnimg radars where the target is 
perhaps 75 to 100 miles away, the difference in 
bending of the rays between standard atmospheres 
of moderate and warm climates becomes appreci- 
able. In this case differences in estimated height 
vary by as much as 2,000 ft, if the target height is 
determined by the first signal in the lowest standard 
lobe. 


A_ONLY (RECORD 1) 
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Figure 20. Typical record of angle-of-arrival measure- 
ments. Top, direct ray only. Bottom, direct and ground- 
reflected ray. 


Chapter 5 


GENERAL METEOROLOGY AND FORECASTING 


INTRODUCTION 


I“ CHAPTER 1, equation (9) was given for the 
refractive index as 


Pe, age 7 8006) 


ries T 


On adding to this the term (h/a)10® the ‘‘modified 
refractive index M”’’ of equation (4), Chapter 2 is 
obtained, namely 

*) 10°. 


a 


(1) 


M=(n-1+ (2) 


When the temperature increases with height, other 
things being constant, n — 1 decreases with height 
and when this decrease is strong encugh it will 
outweigh the increase of M caused by the term h/a. 
Similarly, a decrease of moisture with height will 
produce a decrease of n — 1 which, if strong enough, 
will again produce a negative slope of the M curve. 
In Chapter 3 we have dealt with these changes 
purely from the observational viewpoint. Now the 
origin of these variations owing to the physics and 
dynamics of the lower atmosphere will be considered. 
A knowledge of general meteorological conditions 
may enable a trained weather forecaster to predict, 
from weather maps and other pertinent data relat- 
ing to the structure of the lower atmosphere, the 
presence of ducts and other meteorological factors 
affecting transmission. 

The first attempts at radio forecasting were made 
as early as 1943 by the British Meteorological Office 
in conjunction with the services operating the radar 
sets along the North Sea and Channel Coast. While 
the correlation between forecasts and observed results 
was imperfect, results were promising enough to 
encourage further studies. Since then, the forecasting 
technique in the British home waters has been 
developed to a considerable degree of effectiveness. 
Studies regarding the relationship between the 
dynamics of the lower atmosphere and radio wave 
propagation have been initiated by the interested 
Services in various parts of the British Empire, 
particularly in Australia where a number of interest- 
ing correlations have been discovered. In the United 
States the problem was first systematically attacked 
by the propagation group of the Massachusetts 
Institute of Technology Radiation Laboratory 
([MIT-RL], and at about the same time by the 
Army Air Forces Tactical School in Florida. The 
latter established a training course for radio meteoro- 
logical forecasters, a number of whom participated 
in offensive operations in the Pacific at Leyte and 
later. 
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In connection with the transmission experiment 
across Massachusetts Bay, which was described in 
Chapter 4, a forecasting unit was established coopera- 
tively by MIT-RL, the AAF, and the U.S. Weather 
Bureau at Boston. Regular forecasts were made and 
checked by both meteorological and radio observa- 
tions. The pertinent information required for radio 
meteorological forecasting was assembled by a 
number of agencies in England”“4 and in this country. 
The most extensive American texts on the subject 
have been issued by Headquarters, Weather Divi- 
sion, AAF, 24 ‘and by the Columbia University Wave 
Propagation Group.!? The latter report, Tropos- 
pheric Propagation and Radiometeorology is published 
in Volume 2 . 


ATMOSPHERIC SFRATIFICATION 


From the meteorological viewpoint it is convenient 
to distinguish three factors which tend to affect the 
temperature and moisture distribution in the lower 
part of the atmosphere. These factors are known to 
meteorologists as (1) advection, (2) nocturnal cooling 
(over land) and (3) subsidence. 

Advection is a term that designates the horizontal 
displacement of an air mass of specific properties 
over an underlying surface which tends to modify 
the structure of the mass. Thus one speaks of the 
advection of dry polar air over a warm water surface. 
Advection is not the modification of air mass proper- 
ties but merely a preliminary to such modification. 

Advection changes the physical characteristics of 
the lower strata of the atmosphere through transfer 
of heat or moisture between the air and the under- 
lying ground or sea surface. The operating factor in 
this exchange is turbulence, and a brief review of its 
effects in the atmosphere will be given. 

Nocturnal cooling over land is caused by a loss of 
heat from the ground by infrared radiation. The 
cooling thus effected is communicated to the lower 
strata of the atmosphere by means of turbulence. 
Nocturnal cooling occurs to an appreciable degree 
only if the sky is clear. Any layer of clouds will exert 
a “blanketing”’ effect which reduces the cooling of 
the ground to a small fraction of that for clear nights. : 

Subsidence is a meteorological term for the slow 
vertical sinking of air over a very large area. It is 
usually found in regions where barometric highs are 
located. By a dynamic process, too complicated to be 
described here, subsidence often produces a temper- 
ature inversion, the air in a subsiding stratum being, 
as a rule, very dry. Subsidence is usually strongest in 
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a layer somewhat elevated from the ground, and 
when the dry subsiding mass overlies a moist stratum 
near the ground, a sharp moisture gradient is created 
which is favorable for the formation of the duct. The 
elevated ducts at San Diego are of this type. 

Convection occurs whenever the vertical tempera- 
ture gradient exceeds in absolute value the critical 
gradient of about —1 C per 100 m. It is usually the 
result of the heating of the ground by the sun’s rays, 
and over land on a hot summer day it may extend to 
great heights in the atmosphere. Since convection 
mixes the air thoroughly, it establishes small and 
constant moisture gradients throughout the lower 
atmosphere, resulting in a very nearly linear Weurve. 
Consequently standard conditions of propagation 
prevail on summer days over land from late morning 
until late afternoon, this being the time when con- 
vection is most likely to be present. Often this applies 
also to summer days with a light overcast. 

Frictional turbulence occurs normally in the lowest 
1,000 m of the atmosphere even when convection is 
absent. It is caused by the wind, requires at least 
light winds, and is fully developed with moderate or 
strong winds over land. Since turbulence is caused by 
the roughness of the ground it is less well developed 
over the sea surface. It can safely be assumed that 
over land with moderate or strong winds standard 
propagation conditions prevail because of the reg- 
ularizing action of turbulence. 

Temperature inversions occur when the temperature 
of the sea or land surface is appreciably lower than 
that of the air. The temperature transition from the 
ground to the free air takes the form shown in Figure 
1. The heat and moisture transfer caused by turbu- 
lence in a temperature inversion is less simple than 
that in a frictional layer. The turbulent processes in 
inversion regions are highly complex and, as yet, are 
not very well explored. It is known, however, that 
the intensity of the vertical transfer of heat and 
moisture is much less than the rate of transfer with 
frictional turbulence and decreases with the vertical 
increase of temperature. In a steep inversion the rate 
of transfer may be many times less than in a fric- 
tional layer. This tends to produce a vertical stabiliz- 
ation of the air layers in the inversion region. As soon, 
therefore, as a temperature inversion has begun to 
form, the rapid mixing in the lowest layers, usually 
effected by frictional turbulence, stops and is re- 
placed by a much more gradual diffusion. 

Assuming that the rate of diffusion has become so 
slow that the transfer of moisture over a height of a 
few hundred feet takes many hours or, perhaps, a 
day or two, when the air in the inversion is dry to 
begin with and flows over the sea or moist land there 
will be established, in such an air mass, a steep mois- 
ture lapse, since the water vapor that has been taken 
up by the air near the ground will only gradually 
diffuse into the dry air aloft. Conditions are then 
favorable for the formation of an evaporation duct, 


in addition to whatever tendency toward duct forma- 
tion may be caused by the temperature inversion 
itself. 


T GROUND T 


Ficure 1. Air temperature versus height for a tempera- 
ture inversion. 


CONDITIONS OVER LAND 


Because of the considerable variation of the ground 
temperature by cooling at night and heating during 
the day, there is to be found over land an alternation 
of convection during the day and conditions of a tem- 
perature inversion during the night. There is some 
phase shift in that the atmospheric conditions lag 
about three to four hours behind the sun. The amount 
of nocturnal cooling caused by infrared radiation of 
the ground is very nearly independent of its constitu- 
tion. It is, however, strongly reduced by the presence 
of clouds which in turn radiate toward the ground, 
canceling part of the cooling effect. High moisture 
content in the lower atmosphere acts partly in the 
same way and scmewhat reduces the heat lost by the 
ground. With a full overcast, nocturnal cooling is 
negligible and normally no temperature inversion 
will be formed. 

In temperate climates temperatureinversions alone 
can produce only weak ducts because the effect of 
temperature, upon the refractive index is relatively 
small. In the fairly common case, however, where the 
inversion is accompanied by sufficient moisture 
gradient, a strong duct will result. This occurs when 
the air is dry enough to allow evaporation into it 
from the ground. In warmer climates where the transi- 
tion between night and day is rapid, evaporation may 
set in early in the morning before the nocturnal in- 
version has been completely destroyed by the action 
of the sun. A strong duct will then be formed for a 
short period. 

Fog. Contrary to what might perhaps be expected, 
the formation of fog results generally in a decrease of 
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increase with height through the fog layer. In this 
event propagation will be standard, or ducts may 
even form occasionally within the fog layer. 


COASTAL AND MARITIME CONDITIONS 


Advection is of prime importance near a coast 
where the wind may blow the air from land to sea 
or vice versa. The former case, which is the more 
important in practice, will be considered. A tempera- 
ture inversion is formed, if the air from above a 
warmer land surface flows out over a cooler ocean 
surface. Over the land the air will usually have 
attained a state of convective equilibrium with 
correspondingly slow variations of temperature and 
humidity with height. When this air comes in contact 
with the cold water surface a temperature inversion 
is formed which increases gradually as the air 
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Ficure 2. Successive M curves resulting from modifica- 
tion of warm dry uir over tool moist surface. Zero time 
corresponds to the coastline; 1/4 hr, 1/2 hr, ete. refer to 
the time the air has been over water. 


proceeds over the water. Thus the inversion is the 
more pronounced, the greater the distance from the 
shore. Eventually, however, at very large distances, 
refractive index. For instance, when fog forms by 
nocturnal cooling of the ground, the total amount of 
water in the air remains substantially unchanged, 
although part of the water changes from the gaseous 
to the liquid state. It is found that water suspended 
in the air in the form of drops contributes less to the 
refractive index than the equivalent amount of vapor. 
The formation of fog, therefore, reduces the effective 
contribution of the water vapor to the refractive index. 
If there is a temperature inversion in the fog layer, 
the vapor pressure required for saturation increases 
with height, and a substandard M curve usually 
results. 

With a substandard M curve the electromagnetic 
field near the earth surface is diminished instead of 
increased, a case opposite to that of superrefraction. 
‘In practice this weakening of the field not uncom- 
monly leads to a more or less complete radio blackout. 

Fog, however, does not always produce a sub- 
‘standard M curve although that is usually the case. 
‘In certain less frequent types of fog, the temperature 
‘and saturation vapor pressure may be constant or 


equilibrium between the air and the water surface 
will again be reached. 

The temperature inversion formed during this 
process would in itself give rise to only a compara- 
tively weak duct. When, however, the air is dry, 
evaporation from the sea surface takes place simul- 
taneously with heat transfer, and a fairly strong 
negative humidity gradient is established in the 
lowest layers. This combination of temperature inver- 
sion and moisture gradient is very favorable for the 
formation of a pronounced duct off shore. 

The progressive formation of an advection duct, 
created by the mechanism just outlined, is shown 
schematically in Figure 2. The successive M curves 
correspond to a series of time intervals measured 
from the passage of the air over the shore line. The 
increase of the duct toward the maximum and the 
subsequent flattening of the M curve as the air 
approaches a new state of equilibrium is clearly seen 
from the figure. 

Duct formation in such a case depends on two 
quantities: (1) the excess of the unmodified air 
temperature above the water temperature, and (2) 
the humidity deficit, that is, the difference between 
the saturation vapor pressure corresponding to the 
water temperature and the actual water vapor pres- 
sure in the unmodified air. The problem can be 
treated by means of the mathematical theory of 
diffusion in a turbulent medium, and a considerable 
amount of effort has been spent in investigating this 
type of advective duct. Extensive mathematical 
work has been carried out in Hngland?°° based 
primarily on the large body of data on atmospheric 
diffusion gathered in connection with chemical 
warfare problems.1*? In the United States such 
ducts have been studied very extensively in con- 
nection with the propagation experiments in Massa- 
chusetts Bay where conditions are favorable for 
their formation.?°:?% 

Another phenomenon often responsible for ducts 
in coastal regions is the land and sea breeze. This 
type of wind is of thermal origin and is produced 
by temperature differences between land and sea. 
During the day, when the land gets warmer than 
the sea, the air over the land rises and that over the 
sea descends, thus causing a circulation in which 
the air in the lowest layers flows from sea to land. 
This is the sea breeze. Vice versa, during the night 
the land becomes colder than the sea, and circulation 
is in the reverse direction, creating the land breeze. 
As a rule this type of phenomenon is extremely 
shallow, and the winds do not extend above a few 
hundred feet at the most. A sea breeze modifies the 
advective conditions described above in various 
ways, and extremely strong ducts have occasionally 
been observed under sea breeze conditions. The land 
and sea breezes are of a strictly local nature and in 
some cases will extend only a few miles to land or 
sea from the shore. Nevertheless this region may be 
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an important part of the radiation trajectory of 
coastal radars. These breezes develop only under 
fairly calm conditions; they are wiped out by a 
moderate or strong wind. 

The advective ducts of the types described here 
are by their very nature of only limited horizontal 
extent. The horizontal variation of refractive index 
presents a problem that till now has not been sys- 
tematically studied from either the experimental or 
the theoretical angle. 

A particular type of duct has been discovered in 
purely maritime air, that is, air which has had an 
extremely long sea trajectory and thus should have 
reached an approximately steady state of diffusion 
relative to the underlying sea surface. The Antigua 
experiments described in the preceding chapter reveal 
the existence of a type of low duet which seems to be 
characteristic of maritime air. It appears probable 
that similar ducts are permanent in the oceanic 
regions of many parts of the earth. The relative 
humidity of the air at Antigua was found to be 60 
to 80 per cent, indicating that a continuous upward 
diffusion of moisture must take placé, since the air 
immediately adjacent to the water surface is always 
practically saturated. On the other hand, there is 
little difference between the air and sea tempera- 
tures in this case, the ocean being about 25 C while 
the air temperature varies between 23 and 26 C. 
The ducts are therefore caused solely by the varia- 
tion of water vapor in the lowest layers and are 
much lower than the advective ducts described 
before, their height rarely exceeding 40 ft. Typical 
M curves have been shown in Chapter 3, and, for 
the particular effects caused by the low height of 
these ducts, we refer to the discussion of the experi- 
‘mental results. 

The diurnal change of ocean temperature is 
insignificant, except in extremely shallow water, and 
therefore, at some distance from the coast, propaga- 
tion conditions do not show any appreciable diurnal 
variation. 


DYNAMIC EFFECTS 


The physical processes in the lower strata of the 
atmosphere which determine the formation of ducts 
are to a considerable extent controlled by the large- 
scale dynamics of the atmosphere. It is therefore 
often possible to make at least a qualitative forecast 
of propagation conditions on the basis of a knowledge 
of the synoptic weather situation. An example in 
point is the diurnal variation over land in clear 
weather from standard conditions during the day 
to duct conditions in the latter part of the night 
and the early morning hours. 

Conditions in a barometric low pressure area 
generally favor standard propagation. Winds are 
usually strong or at least moderate resulting in a 
well-mixed layer of frictional turbulence. Local 


thermal stratifications are destroyed, and abnormal 
moisture gradients will not develop because of the 
intense turbulent mixing. The sky is frequently 
overcast in the low pressure area and nocturnal 
cooling therefore is often negligible. 

On the other hand, meteorological conditions in 
a high pressure area are frequently favorable for 
the formation of ducts. The sky is commonly clear, 
thus giving rise to pronounced nocturnal cooling of 
the ground and to the attendant formation of a 
temperature inversion in the lowest layers. This, 
again, often gives rise, by evaporation, to steep 
moisture gradients within the inversion layer result- 
ing in the formation of ducts in the manner already 
described. Winds in high pressure areas are often 
slight, or a calm prevails, resulting in a formation 
of local thermal stratifications and of land and sea 
breezes. 

One of the prime phenomena conducive to non- 
standard propagation conditions in‘a barometric 
high is subsidence, already described. Subsidence is 
closely connected to high pressure areas on the 
weather map and is always found in such areas, but 
it is not always intense enough to produce an 
inversion. The typical pattern of air flow in a baro- 
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Ficure 3. Schematic diagram illustrating subsidence in 
a region of high barometric pressure. 


metric high is shown in Figure 3 in both horizontal 
projection and vertical cross section. 

The air in the lower parts of a region of subsidence 
is very dry because it has descended from a high 
level in the atmosphere where the temperature is low 
and hence the saturation vapor pressure is small. 
If such air is located over a surface capable of evap- 
oration such as the ocean, a steep moisture gradient 
may be established at some level above the ground. 
This is the most common mechanism for the forma- 
tion of elevated ducts. Quite often subsidence com- 
bines with some or the other effects mentioned 
earlier enhancing their tendency toward the forma- 
tion of the duct. The elevated ducts found: in the San 
Diego region are perhaps the most outstanding exam- 
ple of this type of dynamically induced stratification. 

The effect of fronts in the atmosphere upon propa- ~ 
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gation does not seem to be very pronounced. This is 
probably due to the fact that in a front the transition 
between warm and cold air is comparatively gradual 
extending over a height of perhaps 1 km. In the Eng- 
lish propagation experiments some effects of fronts 
have indicated slightly substandard conditions with 
warm fronts and slightly superstandard conditions 
with cold fronts. Often, however, the effect of fronts 
upon radio propagation is negligible. This, of course, 
refers only to the frontal region itself and not to the 
change in air mass and attendant propagation con- 
ditions connected with the passage of a front. 


WORLD SURVEY 


It clearly appears from the preceding sections 
that climate has a fundamental influence on the 
nature of propagation conditions. A systematic 
attack on the problem of the occurrence of ducts over 
the ocean has been made in England on a world-wide 
scale.2°° Monthly maps based on estimates. drawn 
from general low-level weather data, giving regions 
of the most frequent occurrence of superrefraction 
and substandard refraction, were issued. However, 
these need much further checking by actual observa- 
tions. The propagation features of some important 
parts of the world where some knowledge has been 
accumulated is outlined briefly below. 

Atlantic Coast of the United States. Along the north- 
ern part of this coast superrefraction is commonin 
summer, while in the Florida region the seasonal 
trend is reversed, a maximum occurring in the winter 
season. 

Western Europe. On the eastern side of the Atlantic, 
around the British Isles and in the North Sea, there 
is a pronounced maximum in the summer months. 
Conditions in the Irish Sea, the Channel, and East 
Anglia have been studied by observing the appear- 
ance or nonappearance of fixed echoes. Additional 
data based on one-way communication confirmed the 
radar investigations. 

Mediterranean Region. The campaign in this region 
provided good opportunities for the study of local 
propagation conditions. The seasonal variation 1s 
very marked, with superrefraction more or less the 
rule in summer, while conditions are approximately 
standard in the winter. An illuminating example is 
provided by observations from Malta, where the 
island of Pantelleria was visible 90 per cent of the 
time during the summer months, although it lies be- 
yond the normal radar range. 

Superrefraction in the Central Mediterranean area 
is caused by the flow of warm, dry air from the south 
(sirocco) which moves across the ocean, thus pro- 
viding an excellent opportunity for the formation of 
ducts. In the winter, however, the climate in the 
Central Mediterranean is more or less a reflection of 
Atlantic conditions and hence is not favorable for 
duct formation. 


The Arabian Sea. Observations covering a con- 
siderable period are available from stations in India, 
the inlet to the Persian Gulf, and the Gulf of Aden. 
The dominating meteorological factor in this region 
is the southwest monsoon which blows from early 
June to mid-September and covers the whole Arabian 
Sea with moist equatorial air up to considerable 
heights. Where this meteorological situation is fully 
developed, no occurrence of superrefraction is to be 
expected. In accordance with this expectation, all the 
stations along the west side of the Deccan report 
normal conditions during the southwest monsoon 
season. During the dry season, on the other hand, 
conditions are very different. Superrefraction then is 
the rule rather than the exception, and on some oc- 
casions very long ranges, up to 1,500 miles (Oman, 
Somaliland), have been observed with fixed echoes 
on 200-me radar, based near Bombay. 

When the southwest monsoon sets in early in 
June, superrefraction disappears on the Indian side 
of the Arabian Sea. However, along the western 
coasts conditions favoring superrefraction may still 
linger. This has been reported from the Gulf of 
Aden and the Strait of Hormuz, both of which lie 
on the outskirts of the main region dominated by 
the monsoon. The Strait of Hormuz is particularly 
interesting as the monsoon there has to contest 
against the “‘shamal’’ from the north. The Strait 
itself falls at the boundary between the two wind 
systems, forming a front, with the dry and warm 


shamal on top, and the colder, humid monsoon 
underneath. As a consequence, conditions are favor- 


able for the formation of an extensive radio duct, 
which is of great importance for radar operation in 
the Strait. 

The Bay of Bengal. Such reports as are available 
from this region indicate that the seasonal trend is 
the same as in the Arabian Sea, with normal condi- 
tions occurring during the season of the southwest 
monsoon, while superrefraction is found during the 
dry season. It appears, however, that superrefraction 
is much less pronounced than on the northwest side 
of the peninsula. 

The Pacific Ocean. This region appears to be the 
one where, up to the present, least precise knowledge 
is available. There seems, however, to be definite 
evidence for the frequent occurrence of superrefrac- 
tion at some locations, e.g., Guadalcanal, the east 
coast of Australia, around New Guinea, and on 
Saipan. Along the Pacific coast of the United States, 
observations indicate frequent occurrence of super- 
refraction, but no statement as to its seasonal trend 
seems to be available. The same holds good for the 
region near Australia. 

In the tropics there is a very strong and persistent 
seasonal temperature inversion, the so-called trade 
wind inversion. It has no doubt a very profound 
influence on the operation of radar and short wave 
communication equipment in the Pacific theater. 
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RADAR FORECASTING 


The forecasting of propagation conditions for early 
warning radars is of great operational significance be- 
cause ranges for airplane as well as ship targets often 
vary by as much as a factor of 2 or more depending 
on the weather conditions. Forecasting is based on 
the general meteorological principles presented above 
which can be organized into a system of standard 
procedures for the prediction of propagation in a 
given area.?44/253,295 Jt is usually quite difficult to 
make a quantitative forecast of such parameters as 
duct height, but this has been tried with a fair 
degree of success. 

A radio forecast is made by first taking the general 
synoptic weather situation as presented on a weather 
map and including such upper air data as may be 
available. Usually one forecast cannot be applied to 
more than a limited area of specific local conditions; 
fortunately such a forecast is in general adequate for 
the area covered by one or a few radar sets. The 
formation of ducts depends principally on the tem- 
perature difference between the air and the ground 
or sea surface and on the humidity.of the air. Data 
on sea temperature, which is usually fairly constant, 
are collected while over land it is necessary to obtain 
data an the diurnal variation of the soil temperature. 


Wind velocities may be gathered from the weather 
map, and the trajectory of the air previous to and 
during the forecast period can then be determined. 
If the relative humidity of the air is known, it is 
possible from the theories at hand to draw estimated 
curves of the temperature and moisture variation 
in the lowest layers. From these an estimated M 
curve is obtained. The success of this method depends 
to a large degree upon the familiarity of the fgrecaster 
with local conditions. 

The forecasting of advective ducts over the ocean 
is the main problem in which radio forecasting 
requires other tools than those used for ordinary 
weather forecasting; but most other problems’ are 
closely similar to those presented by conventional 
practice, among which are the forecasting of subsi- 
dence from upper air meteorological data, the 
forecasting of nocturnal temperature inversions in 
dry climates, and the forecasting of standard 
propagation conditions. 

In order to facilitate weather forecasting in the 
Pacific, where data have been very scanty during 
the war, a system has been worked out whereby 
localities in the Pacific area are compared to those 
of closely similar climatic and meteorological charac- 
ter in the Atlantic. A rough estimate of propagation 
conditions to be expected may be derived there- 
from. ?>>215 


Chapter 6 


SCATTERING AND ABSORPTION OF MICROWAVES 


Re oBJect of the present chapter is to summarize 
the status of absorption and scattering of micro- 
waves by different solid obstacles, by liquid water 
or ice particles floating or falling in the atmosphere 
like those present in clouds, fog, rain, hail, and snow. 
The absorption of microwaves by the atmospheric 
gases as well as the aforementioned meteorological 
elements will also be summarized here. 

The following grouping of tke material included 
suggests itself naturally: absorption and radar cross 
section; targets (planes, ships); absorption and scat- 
tering by rain, hail, snow, clouds, and fog; and 
absorption by the atmospheric gases, oxygen, and 
water vapor. 


ABSORPTION AND RADAR 
CROSS SECTION 


Any object irradiated by electromagnetic waves 
will in general remove energy from the incident 
beam both by absorption and by scattering. The 


absorbed energy is transformed into heat in the . 


body, while the scattered energy appears in the form 
of radiation propagated generally in every direction 
aroud the scatterer as the source. 

Let us call P. the power removed from the beam 
tnrough the internal absorption of the object. Its 
absorption cross section is defined by 

Pa 
A= W ’ (1) 
where W, is the power density in the incident beam, 
that is, the power passing a unit cross-sectional area. 

Similarly, if P, is the total power removed from 
the beam through scattering in every direction, then 
the scattering cross section associated with this 
object is 
Ps 


S Sims 


(2) 


The value of S gives information about the total 
scattered energy, but this is not directly useful in 
radar work because one is interested only in that 
fraction of the total scattered power which travels 
in the direction of the receiver. One wants then a 
parameter involving the scattered power per unit 
area W, at the radar receiver instead of the total. 
If the target is an isotropic scatterer, 


P, 


We Tears 


(3) 


d being the distance from the target to the receiver. 
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The scattering cross section can thus be written as 


SiS ara? ; (4) 


1 
For targets other than isotropic scatterers, however, 
this procedure fails. since one cannot say that the 
power per unit area at the radar is P;/4rd?. Never- 
theless, it is useful to define a parameter, 
W, 


o = 4rd? W,? 


(5) 
which is called the radar cross section in analogy 
with the scattering cross section S of an isotropic 
scatterer. This cross section « may be thought of 
as the scattering cross section which the target in 
question would have if it scattered as much energy 
in all directions as it actually does scatter in the 
direction of the radar receiver. For an isotropic 
scatterer o = S, but in general it does not. 


Tasie 1. Radar cross sections. 
Radar 
Targets Condition cross section 
Conducting A<<a ma? 
sphere, 
radius @ A>>a 14475a8 
é 
Metallic plate, All dimen- 47S? 
area S sions >> 2 
Cylinder, Axis of cylinder dl? 
diameter = d__ parallel to Xr 
length = . electric field, X 
<<dr»<<l 
Matched load Oriented parallel 9n? 
dipole to the incident 167 
electric field 
Shorted dipole Oriented parallel 9n2 
to the incident ar 
electric field 
Corner reflector 4S? 
r2 
S = cross section 
of triply 
reflected beam 
Triangular L = length of AnL’ . 
corner reflector’s edge. 3r2 (1— 0.00766") 
reflector @ = angle between 
direction of incidence 
and axis of symmetry 
of reflector 
Square corner 127L4 (1—0.02748) 
reflector 2 
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It can be shown’ that the ratio of the received 
power Pz, to the output power P, is given by 


2 
Bat a LS 
ih OP Cea ia) fee (6) 


The gains G;, G, and path factor A, are defined in 
Volume 3, Chapter 2, and ) is the wavelength of the 
radiation used. (See also Volume 3, Chapter 9.) This 
formula can be used for the determination of o. Or 
if o is known, it may serve to calculate the possible 
range. (It may be noted here that sometimes oA; 
is called radar cross section.) Also, a characteristic 
length L, sometimes called the scattering coefficient, 
is occasionally defined in relation to « by 


o = 4rL’. (7) 


For simple targets « may be calculated. Table 1 
contains a few calculated radar cross sections. 


AIRCRAFT TARGETS 


Diagrams showing the dependence of o on the 
orientation of the aircraft indicate very large and 
irregular fluctuations. The radar cross section can 
change by 100 to 1 with a change of aspect of only 
a few degrees. These varying values of the radar 
cross section are dependent on wavelength, polari- 
zation, details of plane design, etc. Reflection pat- 
terns such as shown in Figure 1 have been measured 
in the laboratory for a few simplified models. Actually 
an observer would see only the time average of the 


LS 
wes 


f=100 MC POLARIZATION 
HORIZONTAL 
Er=SCATTERED FIELD STRENGTH 
IN ARBITRARY UNITS 
&=GORRESPONDING RADAR 
GROSS SECTION IN SQUARE 
ETER 


Ficure 1. Aspect diagram of a B-17E at 5 degrees 
above horizon. 


8See Volume 3. 


radar cross section of a plane, and it is only this 
average value which is of operational importance. 

Table 2 gives measured values of o for various 
aircraft. These are the values to be used in equation 
(6). As far as is known, these empirical cross sections 


. 


TasLE 2. Airplane radar cross sections. 


Airplane o, sqm o, sq ft 
SNC 3.9 42 
SNJ . 5.0 54 
OS-2U 9.5 100. 
Taylorcraft 9.5 100 
CESSNA 9.5 100 
O-47 10 110 
AT-11 11 120 
SWB 13 140 
15-D (Curtiss Wright) 23 250 
J2F 25 260 
JRE 30 320 
PBY 31 340 
B-18 36 380 
B-17 45 480 
B-29 67 710 


are independent of wavelength. This result may be 
interpreted to mean that a plane in motion behaves 
more or less like a collection of good reflecting 
surfaces oriented at random. It is worth noting in 
this connection that the radar cross section of a 
cireular plate. of radius a, whose normal is at an 
angle @ with the direction of incidence, is 
2 


= 7a? [cot 6X Jt (= sin a) | F (8) 


where J; is the first order Bessel function of the first 
kind. The maximum of o occurs for @ = 0, when 
equation (8) reduces to 
4ra4 

ee arn @) 
This sharp maximum of o at 6 = 0 is the phenom- 
enon of specular reflection. The average value of 
o over all values of @ turns out to be 


Wn 
Cavg = guna . (10) 


This result is independent of wavelength and suggests 
that a large number of specularly reflecting surfaces 
oriented at random will have a cross section inde- 
pendent of ), or that a few surfaces of rapidly chang- 
ing orientation may have this property. The lack 
of dependence of wavelength of aircraft radar cross 
sections might be understood on the basis of these 
results. 


SHIP TARGETS 


A ship being a collection of both complicated and 
flat surfaces, a rigorous computation of the radar 
cross section of any given ship of known design is 
not feasible. Nevertheless, the Naval Research 
Laboratory workers have been able to give a good 
account of these problems.374376388392,417.421 

The path factor in the formula (6) raised to the 
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fourth power is 
sin do 


At= of ss 35, (4 — cos in| ) (11) 


where _ 4ahiH 


ea ay 
h, = antenna height, 


H = height of ship above water 
including superstructure. 


The above result follows by integrating the received 
power over the height H, assuming perfect reflection 
from sea. 

Tt is seen in equation (11) that whether 5  < 7, 
the region called the “far zone,” or 69 > 7, the “near 
zone”’ (short ranges), materially affects the qualita- 
tive behavior of the factor A‘. In the latter region 


Aj=6. 

The radar cross section of a ship which does not 

exhibit marked specular reflection is given roughly by 
BH 

nN ? 


(12) 


where a = dimensionless constant dependent 
on ship design, 
B = the breadth of the aspect under 
observation, 
H = height of ship above water including 
superstructure. 


The approximate values of a to be used are indicated 
in Table 3. 


TaBLeE 3. Ship targets. 


Type of ship a Remarks 
Battleship 0.1 
Cruiser 0.1 
Aircraft carrier 0.05 Except at direct 
broadside aspect 
Submarine 0.01 t 


In Tables 4 to 7, values of co computed from 
equation (12) are called theoretical values. Experi- 
mental values are computed from observations made 
by the Naval Research Laboratory workers. with 
each quantity the mean of several observations. The 
200-me experimental result is unexpectedly low while 
the values at the higher frequencies are a little 
higher than would be anticipated. This points to the 
existence of some specular reflection for this ship, 
which would not be surprising in view of its great 
size. Considering the uncertainty in the experimental 
values, the agreement with the theoretical results is 
not unsatisfactory and bears out the assumed 
dependence on wavelength. 

The aircraft carrier shows pronounced specular 
reflection at the direct broadside aspect, particularly 
at the higher frequencies. These values of o are 
typical of the ship for aspects other than direct 
broadside. 

In Table 8, the same ship is analyzed at direct 


Tasve 4. Radar cross section of a battleship (BB-63), 
broadside aspect. a = 0.1, B = 270 m, H = 24m. 


J(me) a (exp), sqm __ a (theory), sqm 
200 0.12 x 10° 1.9 x 10° 
700 10.2 x 105 6.8 X 10° 
970 15. xX 105 9.4 X 10° 

3,060 110: =X 105 30. X 105 


TasLe 5. Radar cross section of a cruiser (CL-87), 
broadside aspect. a = 0.1, B = 180 m, H = 24m. 


(me) o (exp), sq m o(theory), sq m 
100 2.45 X 104 2.6 X 10¢ 
200 5.06 < 104 5.2 X 104 
700 7.79 X 104 18.1 < 104 
970 28.4 xX 104 25.1 < 104 

3,060 102.2 x 104 79.3 X 104 


TABLE 6. Radar cross section of submarine (SS-171), 
broadside aspect. a = 0.01, B = 83 m, H = 7.6 m. 


f(me) a(exp), sq m a(theory), sq m 
200 3.0 x 102 3.5 X 10? 
700 18.7 X 10? 12.2 < 10? 

3,060 71.4 X 102 53.4 x 102 


TasBLE 7. Radar cross section of aircraft carrier (CV-36), 
near broadside aspect. 2 = 0.05, B = 250 m, H = 46m. 


f(mc) o(exp), sq m o(theory), sq m 
200 0.22 « 10° 0.96 36 102 
700 2.6 x 105 3.4 xX 105 
970 6.3 xX 10° 46 x 105° 

3,060 11.3 x 105 14.4 x 10° 


TABLE 8. Radar cross section of aircraft carrier (CV-36), 
direct broadside aspect. 


f(me) a(exp), sq m 2 a(exp) 
200 0.055 x 107 1.2 X 10° 
700 10 xX 107 1.8 X 105 
970 5.0 x 107 4.8 X 10° 
3,060 71  X107 7.1 X 108 


broadside. No theoretical calculation of o has been 
attempted because of a lack of sufficient data from 
other ships of this type. The column 2c is near 
enough to a constant to indicate the existence of 
specular reflection. Since the hull at broadside can 
be considered as a flat surface, specular reflection is 
to be expected under normal incidence with a radar 
cross section proportional to 1/A? as indicated by 
equation (9). 

In view of the complicated reflecting properties of 
targets of operational interest, it may be said that 
the experimental results can be considered as being 
in fair agreement with theoretical predictions. 


ABSORPTION AND SCATTERING 
BY CLOUDS, FOG, RAIN, HAIL, AND SNOW 


The theory of the scattering and absorption of 
microwaves by a collection of spherical particles of 
known concentration, size, distribution, and given 
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dielectric properties was completely worked out 
before systematic experimental work was done on 
these phenomena.*** 277279 The electromagnetic 
theory predicts that the total scattering cross section 
of a sphere of given electrical properties is 


55 be 2 GoD (lan |2 + |b, |2) em? , (13) 


where \ is the wavelength in centimeters of the 
incident radiation in air and a, and b, are the so- 
called scattering amplitudes associated with the 
magnetic and electric 2n-poles induced in the sphere 
by the incident electromagnetic field. Similarly the 
absorption cross section of a sphere defined as the 
ratio of the total power removed from the incident 
beam both by “internal absorption” (heating) and 
by scattering is 


A= x (— Re) yen + 1) (Qn + b,) em2. (14) 


Here Re means “‘Real part of ... .”” The complex 
scattering amplitudes depend on thé dielectric con- 
stants of the sphere, its diameter, and the wavelength 
of the incident radiation. The observations which 
are available seem to indicate that a collection of 
spherical particles with random distribution scatter 
microwaves incoherently, although under certain 
circumstances, existing for very short time intervals, 
they may scatter coherently.*!9 On the assumption 
of incoherent scattering, given a collection of 


spherical particles of diameters D,, De, ---, D,,---, 
D,, whose number per unit volume or cc is m1, 2, ---, 
M,*** , Nn, the scattering cross section of such a 


collection per unit volume or the absorption coeffi- 
cient due to scattering is 
a, = 4.343 x 10° Y) n, S,db/km, (15) 
i=1 
where S, is the scattering cross section of one drop 
of diameter D, centimeters, and the summation 
extends over all possible drops present in the col- 
lection. Similarly, the “absorption coefficient” or 
“attenuation” associated with the absorption cross 
section A, (sphere of diameter D,) defined by 
equation (14) is 
n 
aa = 4.343 X 10° Yn, Ay db/km. (16) 


i=l 
Rain AND Hain ABSORPTION 


In order to compute the theoretical absorption 
coefficient of a rain or thunderhead (heavy storm 
cloud) one has to know the raindrop size distribution, 
since the computation of the cross sections for one 
spherical drop is straightforward provided its dielec- 
tric properties are known. The greatest uncertainties 
in the theoretical predictions of scattering or absorp- 
tion by rain are due to the relatively limited knowl- 


edge of drop size distributions in rains of different 
rates of fall. There is no evidence that a rain with a 
known rate of fall has a unique drop size distribution 
though the latest studies on this problem seem to 
indicate that a certain most probable drop size 
distribution can be attached to a rain of given rate 
of fall.44° Results of this study are included in Table 
9. On the basis of these results the absorption cross 


TaBLeE 9. Drop size distribution. 


Percentage of total volume 


0.25 1.25 25 12.5 25 50 100 150 


0.05 280 109 73 26 41.7 412 10 1.0 
(0.10 50.1 37.1 27.8 115 76 54 46 4.1 
0.15 18.2 31.3 32.8 245 184 125 88 7.6 
0.20 3.0 13.5 19.0 25.4 23.9 19.9 13.9 11.7 
0.25 0.7 #49 79 17.3 19.9 20.9 17.1 13.9 


0.30 15 3.3 101 128 15.6 184 17.7 
0.35 06 11 43 82 109 150 16.1 
0.40 0.2 06 23 35 67 90 11.9 
0.45 0.2 #12 21 33 58 7.7 
0.50 06 11 #18 30 3.46 
0.55 OF, Os) iil tle | Ba 
0.60 03 #05 410 1.2 
0.65 0.2 0.7 1.0 
0.70 0.3 


section of raindrops of different size has been com- 
puted for use in Table 10. This table gives the decibel 
attenuation per kilometer in rains of different rates 
of fall and for radiation of wavelengths between 
0.3 and 10 cm. In Table 11, similar to Table 10, 
another set of results is contained for rains of 
measured drop size- distributions. This table is 
extended to include radiations of wavelengths up to 
100 cm. It seems equally interesting to give a graphi- 
cal representation of those results. Figure 2 corres- 
ponds to Table 10 and Figure 3 to Table 11. All 
these data refer to raindrops at 18 C. 

Since the scattering coefficients a, and b, depend 
on the temperature, because of its effect on the 


DB/KM 
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Ficure 2. Graphical presentation of data-given in Table 
10. 
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Taste 10. Attenuation in decibels per kilometer for different rates of precipitation of rain. Temperature 18 C, \ in em.?77 
Attenuation, db/km. 
P, 
mm/hr rA = 0.3 \ = 0.4 A= 0.5 A = 0.6 = 10 »X = 1.25 r.= 3.0 A = 3.2 A= 10 
‘ 0.25 0.305 0.230 0.160 0.106 0.637 0.0215 0.00224 0.0019 0.0000997 
1.25 1.15 0.929 0.720 0.549 0.228 0.136 0.0161 0.0117 0.000416 
2.5 1.98 1.66 1.34 1.08 0.492 0.298 0.0388 0.0317 0.000785 
12.5 6.72 6.04 5.36 4.72 2.73 1.77 0.285 0.238 0.00364 
25 11.3 10.4 9.49 8.59 5.47 3.72 0.656 0.555 0.00728 
50 19.2 17.9 16.6 15.3 10.7 7.67 1.46 1.26 0.0149 
100 33.3 31.1 29.0 27.0 20.0 15.3 3.24 2.80 0.0311 
150 46.0 43.7 40.5 37.9 28.8 22:3. 4.97 4.39 0.0481 


Tasie 11. Attenuation in rains of known drop size distribution and rate of fall (decibels per kilometer). 


Wavelength , em 
5 


mm/hr 1.25 3 8 10 15 Distribution 
2.46 1.93 10 4.92 10-2 4.24 10-3 1.23 10-3 7.34 1074 2.80 1074 A 
4.0 3.18 107 8.63 10-2 ele Oe? 2.04 10-3 1.19 1073 4.69 10-4 Cc 
6.0 6.15 107 1.92 10-4 1.25 107? 3.02 10-3 1.67 1073 5.84 1074 D 
15.2 2.12 6.13 107 5.91 1072 1.17 107? 5.68 1073 1.69 1073 E 
18.7 2.37 8.01 107 5.13 1052 LORS On 6.46 1073 1.85 1073 F 
22.6 2.40 7.28 107 5.29 107? 1-21 1057 6.96 10-3 2.2% 105% G 
34.3 4.51 1.28 1.12 107 2.02 1052 Le LOR 3.64 1073 H 
43.1 6.17 1.64 1.65 107 3.33 107-2 1.62 107? 4.96 1073 I 
Wavelength A, cm 
mm/hr 20 50 75 100 Distribution 
2.46 152g Ome 6.49 1075 2.33 1075 1.03 10-5 5:35 105° A 
4.0 2.53 1074 1.08 1074 3.88 107-5 2 Ome 9.75 10 Cc 
6.0 3.02 10-4 25 Om* 4.34 10-5 1.93 10-5 1.09 10-5 D 
15.2 7.85 1074 2.95 1054 9.23 1075 4.15 107-5 2.35 1075 E 
18.7 9.09 1074 3.60 1074 1.20 10-4 5.36 107-5 3.03 1075 F 
22.6 Li 105% 4.81 10-4 1.66 10-4 7.41 1075 4.19 10-5 G 
34.3 1.75 10-3 6.83 1074 2.24 1074 9°95" 105° 5.63 107-5 H 
43.1 2.29 1073 8.71 1074 2.78 1074 1.23 10>4 6.98 10-5 I 


dielectric properties of water, it seems important to 
evaluate the attenuation of rains whose drops are 
at temperatures different from those included in the 
preceding tables. Table 12 contains the necessary 
data relative to the changes of attenuation with 
temperature and is to be used primarily in eonnec- 
tion with Table 10. 


TABLE 12 

Rate of Correction factor 6 (T’) 
precipitation, A, Qs PS PSs PSs Ts 
mm/hr cm 0C 10C 18C 30C 40C 
0.25 0.5 0.85 0.95 1.0 1.02 0.99 
1.25 0.95 1.0 1.0 0.90 0.81 
3.2 1.21 1.10 1.0 0.79 0.55 
10.0 2.01 140 1.0 0.70 0.59 
2.5 0.5 0.87 0.95 1.0 1.03 1.01 
1.25 0.85 0.99 1.0 0.92 0.80 
3.2 0.82 1.01 1.0 0.82 0.64 
10.0 2.02 140 1.0 0.70 0.59 
12.5 0.5 0.90° 0.96 1.0 1.02 1.00 
1.25 0.83 0.96 1.0 0.93 0.81 
3.2 0.64 0.88 1.0 0.90 0.70 
10.0 2.03 1.40 1.0 0.70 0.59 
50 0.5 0.94 0.98 1.0 1.01 1.00 
1.25 0.84 0.95 1.0 0.95 0.83 
3.2 0.62 0.87 1.0 0.99 0.81 
10.0 2.01 140 1.0 0.70 0.58 
150 0.5 0.96 0.98 1.0 1.01 1.00 
1.25 0.86 0.96 1.0 0.97 0.87 
3.2 0.66 0.88 1.0 1.03 0.89 
2.00 140 1.0 0.70 0.58 


° 10 20 30 40 50 60 70 80 90 100 
AIN CM 


Figure 3. Attenuation in rains of known drop-size dis- 
tribution as a function of the wavelength \ in centi- 
meters. The ordinate scale gives logic a, where the 
attenuation constant @ is expressed in decibels per 
kilometer. The letters on the curves refer to the drop 
size distributions given in Table 11. 
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It will suffice to mention here that, for waves 
larger than about 3 cm, the attenuation produced 
by hail of the same water precipitation rate as a rain 
will be but a few per cent of the rain attenuation. 
At shorter waves, in the millimeter region, hail 
attenuation may become larger than that of rain. 
Similarly the attenuation of snow should be con- 
siderably less than rain; however, Canadian reports 
indicate approximately the same value for. the same 
water content. 

As mentioned above, the whole theory of attenua- 
tion is based on equation (14). The formulas giving 
the amplitudes a, and 6b, are too complicated to be 
reproduced here. Their numerical evaluation for 
spherical drops of given size and temperature is 
quite laborious except for small values of the para- 
meter tD/\. They involve Bessel and Hankel fune- 
tions of half-integer order of the parameter rD/). 

A series of experimental results are given in Table 
13. These results are to be regarded as maximum 
attenuation values. 

If these results are compared with those of Table 
10 and Figure 2 one sees that, in view of the uncer- 
tainty in the temperature of the raindrops and their 
size distribution, the agreement between theoretical 


Tase 13. Experimental values of the maximum 
attenuation per unit precipitation rate. 


d, cm (a/p) db perkm/mm perhr References 

0.62 0.37 269 

0.96 0:15 256 

1.089 0.2 262 
0.19 176 

1.25 {000.040 276 
0.63 281 

3.2 0.032-0.042 261 


and observed values is, on the whole, satisfactory. 
It will be seen that the results reported on K-band 
rain attenuation in Hawaii by the U.S. Navy Radio 
and Sound Laboratory workers™! are higher than 
those observed by other workers on the same wave- 
length. The orographic character of these Hawaiian 
rains which were made up of drops falling about 
300 m instead of ordinary rains falling 1,500 to 
2,000 m may be one of the reasons for this divergent 
result. : 


CLoups AND FoG 


Observations indicate that fair weather clouds and 
fog are composed of droplets whose diameters do not 
seem to exceed 0.02 cm. Under these conditions the 
attenuation formula takes on a remarkably simple 
form since it becomes independent of the drop size 
distribution. The attenuation formula in this limit 
of very small values of the parameter 7D/) is 


4.092 mc, 


+ db/km , (17) 


Aan = 


where m is the mass of liquid water per cubic meter, 
d is the wavelength of the radiation in centimeters, 
and 


6e1 


"Fo + ee oe 


C1 
where e¢, and ¢, are the real and imaginary parts of 
the dielectrie constant of water at the temperature 
in question and for radiation of wavelength \. Figure 
4 represents the attenuation in clouds and fog in the 
range 0.2 to 10 cm. This graph corresponds to a 
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Ficurs 4. Attenuation factor in liquid clouds and fogs. 
T =18C. 


liquid water concentration of 1 g per cu m, which 
is undoubtedly rather high. Actually, the observa- 
tions indicate that the liquid water concentrations 
in clouds and fog rarely exceed 0.6 g per cu m. 

To this may be added the Table 14 for attenuation 
by ice clouds. In ice clouds m will rarely exceed 0.5 
and will often be less than 0.1 g per cu m. 


Taste 14. Attenuation in decibels per kilometer for ice 
crystal clouds. 


Shape of crystals T = —40C T=0C 
Spherules 0.00044 m/r 0.0035 m/r 
Needles 0.00062 m/r 0.0050 m/d 
Disks 0.00087 m/d 0.0070 m/r 


ScatTrerine (EcHo) 


If we denote by o() the back-scattering cross 
section per unit solid angle of a spherical water drop 
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and if there is a distribution m, m2, ++ - , 7%, °°") Nn 
drops per cubic meter, the cloud or rain cross section 
for scattering is 


St) = p> no (AV (19) 


where AV is the scattering volume of the cloud, on 
the assumption of incoherent scattering on account 
of the random character of the drop distribution. 
The summation includes all the drop groups. The 
rain front is usually wider than the irradiated area 
so that the radar beam intersects it. Under these 
conditions, taking AV approximately as a spherical 
shell of thickness Ad, at a distance d from the radar 
set, and denoting by 26 the half-power beam width 
of the radar beam, one gets 


AV = 2nd? (1 — cos @) Ad. (20) 


The rain echo cross section is then 
S(m) = 2nd? (1 — cos (aa Me nit ()) (21) 


Remembering that o,(z) or S(z) is precisely the cross 
section per unit solid angle in the direction of the 
radar set, one gets instead of equation (6) for the 
ratio of received to transmitted power 


= ca a &) 6 (ae) Te @) (22) 


for small angles 6 which must be given in radians. 


TasBLE 15. Fraction of incident power scattered back- 
ward by a layer of 1 km of rain in different types of rain. 
: (Decibels) 


Drop size 
distri- P; Wavelength in centimeters 
bution*mm/hr 3 5 8 10 15 20 30 50 


A 2.46 —45 —54 —61 —65 —72 —77 —84 —93 


D 6.0 —38 —46 —54 —58 —65 —69 —76 —85 
E 15.2 —32 —37 —45 —48 —55 —61 —68 —77 
H 343 —29 —35 —42 —46 —53 —58 —65 —74 
I 43.1 —27 —33 —40 —44 —51 —56 —63 —71 


*See Table 11 for drop size distributions. 


The quantity (Ad2,n,0,(z)] or its ‘value in decibels for 
known drop size distributions has been tabulated in 
Table 15. With this table and the known characteris- 
tics of a radar set the ratio P;/P2 can be computed 
at once. In the table Ad is taken as 1 km. Since the 
maximum thickness Ad cannot exceed the pulse 
length, the values found in the table can be adapted 
immediately to any pulse length J by adding to it 
(10 logis 2), 2 being expressed in kilometers. Using 
equation (22) for particular radar sets it is found 
that the theoretically computed echo powers from 
rains agree well with the observed values, if the 
uncertainties of the meteorological knowledge of the 
echoing elements, which are mostly rains and’ storm 
clouds, is kept in mind. As expected, the echoing 


power of snow is very much less than that of rain. 
The systematic observations on S band by the 
Canadian group**” and on X band by Bent*24 
clearly indicate that precipitation either in the form 
of rain or snow is necessary to produce an echo on 
the scope of the radar set. 


ABSORPTION BY THE ATMOSPHERIC GASES 


It was predicted that oxygen and water vapor will 
absorb electromagnetic waves in the microwave 
range.”>*275 In particular, oxygen was predicted as 
having a resonance band around 5 mm and one line 
at 2.5mm, while the water vapor absorption is caused 
mainly by a single rotational line of relatively small 
strength around 1 cm. Experiments have confirmed 
both these absorption effects.277273 In Figure 5, the 
individual oxygen and water vapor attenuation 
curves have been plotted in the 0.2- to 10-cm wave- 
length range. Any change in the water vapor content 
from the one adopted for this graph (7.5 g per cum 
or 6.5 g per kg of air) or the total pressure can be 
taken into account in computing the combined 
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Ficure 5. (1) Absorption due to water vapor in an atmos- 
phere at 76-cm pressure containing 1 per cent water 
molecules, or 7.5 g per cu m. The water resonance liné is 
assumed to be at 24,000 me, and its half width at half 
maximum (line breadth) is 3,000 me. (2) Absorption 
due to oxygen in an atmosphere at 76-cm pressure whose 
resonance band at 60.103 mc is supposed to have a line 
breadth of 600 me. 
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oxygen and water vapor attenuations, since these 
are proportional to the partial pressures of oxygen 
and water vapor. For practical purposes the effect 
of temperature variations can be neglected. 

In Figure 6, curve 1, is plotted the total attenua- 
tion of oxygen plus water vapor in an atmosphere 
at 76-cm pressure, with the same water vapor content 
as the curve of Figure 5. Curves 2, 3, and 4 are 
additional rain attenuation curves computed for a 
moderate rain of rainfall 6 mm per hr, a heavy rain 
of 22 mm per hr and an excessive rain of 43 mm per 
hr, which is of cloudburst proportions. In any rain 
the result of total attenuation is the sum of the 
oxygen, water vapor, and liquid drop attenuation. 

It is thus seen that for waves of 3 cm or shorter the 
rain attenuation may become prohibitive, whereas 
the gaseous attenuation loses its-practical import- 
ance at waves longer than about 2 cm. In this 
connection it is to -be noted that for millimeter 
waves the rain attenuation begins to level off at 
waves Of a few millimeters, as Table 10 indicates, 
and would actually decrease at waves shorter than 
1 mm. However in this range, the water vapor 
absorption due to the strong water lines situated at 
much shorter waves becomes more and more intense, 
and communication or radar on these bands is almost 
totally excluded. It is worth noting in this connection 
that using radiation which is strongly absorbed 
might, in certain cases, be of great operational 
interest. In the’ oxygen band, for example, short- 
range communication could be achieved without any 
likely interference by the enemy. 

Electromagnetic theory thus gives a satisfactory 
picture of the absorption and scattering phenomena 
of microwaves both by floating or falling water 


15.0 


10.0 
7.0 
5.0 


08/KM 
CBee 
ao ao 
Es 


NUA’ 
° 
° 
x 


N 
fo) 
nN 

~ 

Sy 


0.001 
50 90 50 3024 15 10 60 3.0 15 LO 0.6 0.3 
<4— FREQUENGY IN 10° MG 


0.2 03 O07 25 2 3 5 7 10 15 2030 50 100 
AAN CM —e 


Ficure 6. Atmospheric one-way attenuation. (1) Oxy- 
gen and water vapor (total for p = 76 cm Hg, T = 20C, 
water vapor. = 7.5 g per cu m). (Van Vleck.) (2) Moder- 
ate rain (6 mm per hr) of known drop size distribution. 
(3) Heavy rain (22 mm per hr). (4) Rain of cloudburst 
proportion (43 mm per hr). 


drops, or their equivalent in hail and snow, and by 
the oxygen and water vapor of the atmosphere. 


PART IT 


CONFERENCE REPORTS ON STANDARD 
PROPAGATION 


Chapter 7 


A GRAPHICAL METHOD FOR THE DETERMINATION 
OF STANDARD COVERAGE CHARTS: 


Ae POWER DENSITY at distance S from a, trans- 
mitter of unit power depends upon h; and he, 
the heights of the transmitting and receiving anten- 
nae, and upon X, the wavelength of the radiation. 
For the high frequencies under discussion, we assume 
the earth to be a perfectly conducting sphere, of 
effective radius r, equal to % that of the earth. We 
are to take inte account the so-called divergence 
factor D resulting from the earth’s curvature. 

Even with the simplifying assumptions above, one 
cannot express the power as a simple function of S, 
hy, he, and d in a single equation. Accordingly, most 
workers on this problem have introduced various 
arbitrary parameters, as intermediate steps. Differ- 
ences in procedure lie primarily in the choice of 
parameters. Whether a method is simple or difficult 
depends upon the character of the parameters. 
Certain procedures suggested are satisfactory for 
determining the number of decibels by which the 
signal is below the adopted standard. of 1 uw per 
square meter, designated here by A; but if we are 
given A, hf, and f and then are asked to compute he 
as a function of S, as for a coverage diagram, some 
of the methods become very unwieldy. The present 
method works satisfactorily for either case. 


Ficurer 1. Geometry for determination of standard cov- 
erage. 


In selecting a parameter we have been guided by 
the following conditions. The number of parameters 
should be kept to a minimum; the remaining vari- 
ables hi, he, and S should appear in the final equa- 
tions, if possible. Also it should be unnecessary to 
interchange transmitter and receiver according to 


“By Lt. Comdr. D. H. Menzel, USNR, Office of the Chief 
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the condition that he is or is not greater than h; 

The arbitrary parameter a is defined as follows. 
Let d, be the distance from the transmitter to the 
point at which the ray is reflected and dy the distance 
to the point where a ray is tangent. Then 


at = dg(1 — a) = 2hir(1'— a) (1) 


a, therefore, is constant along a reflected ray; a = 0 
corresponds to the continuation of the tangent ray; 
a = % corresponds to a reflected ray perpendicular 
to the mast of the transmitting antenna; a = 1 is 
the vertical ray. Thus 


0<a<1, 


with a > 24 over a large portion of the range of 
interest for the frequencies involved. 
Equation (1) leads to the following relationship 


(=2 + 3a) 


Spaz 


SV 2rhi + 2rhi - (1 — 2a) 


— 2rh, = 0, (2) 


an irreducible cubic in a. It is this fact that makes 
the problem mathematically difficult and makes 
impossible the explicit elimination of a. 
Additional equations are 
a a 


DP = —_ eee 
4 — 3a —40/2ih; S(1—a)i 4 — 3a 


(3) 


an approximation holding well over the region of 
interest since a > 24. The phase difference @, result- 
ing from the difference in optical path between the 
reflected and direct rays, is 


aoe site| 1 ae ;| 
x V2rhy(l—a) SJ’ 


and for the transmitted power 


10° 1 | (1 — D)? _ =, ® 
LMP. a SS = Se Pps 
10- = ral q + D sin s|. (5) 
Here we have four equations. If h;, \, and A are 
specified, there remain five unknowns: D, 2, a, he, 


and S. Thus we should be able theoretically to elimi- 
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nate all but he and S, defining our coverage diagram. 

We may substitute the approximate value for D 
into equation (5) and also use equation (4) to elimi- 
nate S from the equation 


10-4/20 — 


al 1 _ de | x 
mt Lv/2rh; (1 — a) 4thia? 
4 


[: i ( = = la a5 sin2® ‘ (6) 
4 


We may now set 


o=(n-5)n; = i ey oom (7) 
which correspond to the maxima of the lobes. We 
may alternatively take 


’=n7, (7b) 
corresponding to lobe minima or, more generally 
@ = (n+b)7 (7c) 


to represent any specific position on the lobe. 

With A, hi, \¢, and @ as variables, we may throw 
equation (6) into the form of a nomogram, from 
which we determine a, first for the lobe tips, second 
for the minima, and third for as many intermediate 
points as are necessary. 

With the a’s so determined, proceed to equation 
(4), also in nomographic form, to get S. Finally, use 


equation (2), to determine h:. This equation can also 
be thrown into nomographic form if we set 

82 

ae he = h’s (8) 
where h’s is measured vertically from the line tangent 
to the base of the transmitter. 

Another somewhat simpler type of coverage dia- 

gram is possible. If we take 


10° 
4nS? 


10-4*/10 = 


(9) 


as defining the intensity for a transmitter in free 
space, we get for the ratio of the two 


72 
—(4—A*)/10 — 1()B/10 — i @ 
10 10 E G = x) | ar 


4 
4(7*5) sinr?S, (10) 


where B is the number of decibels by which the 
actual field exceeds the free space value. Coverage 
diagrams of this type consist of lines radiating from 
the transmitter, rather than contours. For non- 
standard propagation the drawings have some com- 
plications, but the procedures are clear. This method 
has the additional advantage of fitting in with the 
theory used for surface targets, for which it is simpler 
to use free space intensities and lump the field 
strength integrated over the target area as an 
“effective” target area in a uniform field. 


Chapter 8 


NOMOGRAPHIC SOLUTIONS FOR THE STANDARD CASE* 


| EQUATIONS GIVEN in the preceding chapter 
have now been thrown into nomographic form. 
When these nomograms are employed a rapid method 
for constructing coverage diagrams results. 

Let hi denote the height of the transmitter in 
feet, fn. be the frequency in megacycles, n be an 
integer (1, 2, 3, ---) specifying the number of the 
lobe, (0 S b < 1) a “phase” factor specifying the 
position on the lobe, and r the radius of the earth. 
Introduce the quantity B defined as follows. 


150 (n — b) y2N (3.281)! 
hilfine 


108 (n — 6) 
hifme 


where we have taken r = 8.50 X 10° m, as the 
approximate % earth value. We have to decide on 
the interval for b. By taking b = 0, %, %, %, %, % 
we actually obtain seven points on each lobe, 
which should be sufficient for the purpose of drawing 
a coverage diagram. Hence, n — b = 0, %, %, 4, 
%, %, 1, %, ---, etc., spaced at intervals of %. 
Equation (1) is represented in the nomogram of 
Figure 1. We are given h; and f,,, the height and 
frequency of the transmitter. Connect the appro- 
priate values on the scales by a straight line and 
mark the point of intersection on the central vertical 
line. 
Define a quantity k by the equation 
k 
6 ? 


B= 


= 3.676 X (1) 


n—b= 


so that k = 3 corresponds to the maximum of the 
first lobe, k = 6 to the minimum, k = 9 to the next 
maximum, k = 12 to the minimum, etc. k = 15, 21, 
and 27 correspond to the third, fourth, and fifth 
maxima, respectively. Other values of k determine 
intermediate points on the lobe. 

Now draw a straight line from & = 1 through the 
point previously determined on the central vertical 
line until it intersects the left-hand axis of B. Read 
off B or 1/B, whichever is given. Repeat the process 
for k = 2,3, ---, etc., until a value of B is obtained 
that exceeds 10; in other words, continue until the 
straight line runs off the lower edge of the left-hand 
scale. 

There will be cases, however, usually involving 
large values of fi or fme, Where B will still be small 
(1/B large) even for k = 27. When this condition 


8By Lt. Comdr. D. H. Menzel and Lt. A. L. Whiteman ,Office 
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exists, the lobes tend to be so closely spaced that 
the individual maxima are difficult to define and 
even more difficult to draw on a coverage chart. 
For such conditions an alternative procedure is 
recommended, which will be given later. 

If no difficulty is encountered, however, enter the 
values of B or 1/B (designate the latter with an 
asterisk) in a table such as Table 1. 

TABLE 1 


fmc = Frequency in me 
hi = Height of antenna in ft 


k= Bt n b 
1 1 4 
2 1 3 
3 il } max. 
4 1 3 
5 1 $ 
6 2 0 min 
7 2 4 
8 2 3 
9 2 % max. 
10 2 3 
11 om A 
12 3 0 min. 
15 3 4 max 
21 4 } max 
27 5 $4 max 


*Put an asterisk after an entry if the value read off is equal to 1/B. The 
corresponding values of n and b are entered in columns 3 and 4 of the form 
sheet. 


It should be noted that equation (1) is easy to 
solve, and the operator familiar with mathematical 
procedures may prefer to use direct calculation, by 
slide rule or logarithm tables, as much more accu- 
rate. In general, however, the nomogram ‘values are 
sufficiently accurate for the work. 

Next, for the five or six assumed values of decibels 
for which contours are desired, we solve a subsidiary 
equation for Y by means of a nomogram (not repro- 
duced here). We note that 


Y = db + 60 — 10 log (2rrhi) , 


and slide-rule calculation is extremely convenient. 
For each of the selected values of b, we have pre- 
pared a nomogram connecting Y, B, and a. Although 
there are six adopted values of b, the expressions for 
b = %, %, %, % coincide, so that four charts 
suffice. A representative sample of these charts, for 
b = 0, is given in Figures 2 and 3. Connect each 
value of Y, for which a contour is desired, with the 
value of B on the appropriate chart, according to 
the value of 6 (or k). Read off the corresponding 
value of a. ; 

Having determined @ for a given point on the 
coverage chart, we now calculate S from the nomo- 
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gram in Figure 4, with a, db, and S as variables. 
For S measured in.units of 1,000 yd, we have 


= - (ats) 
a hare Ones 
Nay? } 
[> - (<x) | Wee ts 
7 + ay sin? 


A typical example for the selected values of 6 is 
shown, as before. 
Finally, we must calculate hz. For heights we have 


fT ee oh; 3 CONE 


(3.281)? (914) (150) (n — b) (— 2 + 3a) 8 


i es ae 


(2) 
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TVicure 2 


This equation, unfortunately, has too many variables 
for nomographic solution in a single step. We first 
define a quantity C, such that 


C= (3.281)? (914) (150) (n — b) (— 2 + 8a) 

; hy f mc a? . 
Obtain the simple product hif,,,, which is a charac- 
teristic of the set. Then use the nomogram of Figure 


5 to obtain the values of C for the selected ranges of 
k and a. Then we can determine H from the nomo- 
gram of Figure 6, for each value of S and C. Finally, 
from a nomogram (not shown here), representing 
the equation 

: ho = H — (1 — a)hy 


we determine hz. Actually, for much of the range, 
a~landh,~d. 
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Figure 3 


For the upper lobes considerable simplification is 
possible. We may omit all the steps involving cal- 
culation of a. We determine the various B’s as before. 
Then, as long as B > 1 we employ the equation 


10°/ 1 \? 
—db/19 — 2 
10 = (sas) x 


E + ( — B) sin? 7 | 


This equation gives S directly for each decibel value 


and assumed value of b. The nomogram for this 
problem appears in Figure 7. We then obtain H from 
equation (2), with aset equal to unity. 


_ (3.281) (914)? 


2r ee 


H 


3.281)? (914) (150 
sec A B 

In equation (3) we have written C’ instead of C. 
For much of the range, wherever B is very large, 
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we may take C’ ~ C. If greater accuracy is desired, 
we may compute C’ directly by the equation 

C= (3.281)? (914) (150) k ties ali 
ie Fe hi B*}~ 


It is interesting to note that equation (8), apart 
from the correction factor (1 — 1/B?), which merely 
serves to improve the accuracy of the result, is 
familiar to many in the construction of so-called 
“fade charts.’’? These diagrams depict merely the 
lobe minima (and sometimes also the maxima). If 


we set b = 0 we get the former, and if we take 
b = 1% we determine the latter. 
The total number of lobes NV is approximately 


N _ 2h hi fe 


Cleat) mene =e 
x — CSO GB) 208 1a tae 


for h; in feet. These will be distributed over an angle 
of 90 degrees. Hence A, the average angle per lobe, is 


gq = 20° _ 4°43 x 108 
oo N Fie hi 
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Near the horizon, however, the angle per lobe A» is 
somewhat smaller, to wit: 


_ 360° _ 5°64 X 10! 


a aN Fine hi 


When A> < 0°.1, the lower lobes are so closely 
packed that the drawing of a coverage diagram 
becomes almost impossible. For such cases one 
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C=18 


should determine, for a given decibel value, the lower 
edge of the lowest lobe. Then, with the aid of the 
nomograms for b = 1%, calculate merely the posi- 
tions of maxima of the other lobes. 

A work sheet for coverage diagram calculations 
is shown in Table 2. As an illustrative example we 
have selected the case in which 


hi = 100 ft, fine = 3,000 me, db = 46. 
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Here db stands for the number of decibels that the 
power density is below standard, where we. have 
assumed a power of 1 w for the transmitter. The 
symbol db is defined differently by the MIT group. 
The correspondence is: 

db <—> — [dbmrr + 49] . 


The value of X, which depends only on db and hy, 
was obtained from the nomogram of Figure 4 and 
equals 13.9. The product hif,,, is, of course, 300,000. 
The rest of the table was filled out by the methods 


Just described. 

The lobes corresponding to this data were also 
computed by the MIT method and are shown 
plotted in dotted lines in Figure 8. In general, these 
lobes agree completely with our own. In the cases 
where there is some slight variance, we have also 
drawn our lobes in heavy lines. Note that the MIT 
db of 95 corresponds to our db of 46. The nomograms 
presented herein correspond to a reflection coefficient 
of —1. For any other value they would have to be 
redrawn. 
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TaBLEe 2. Work sheet for coverage diagram calculations. db = 46 (MIT — 95 db) » ‘me = 3,000 , ifme = 300,000 


Y = 13.9 hi = 100 ft 
k B n b a S C H 
1 0.21 1 3 0.478 53.5 —2.15 350 
2 0.42 1 4 0.581 82.5 —1,29 950 
3 0.63 1 3 0.655 93.0 — .20 1,350 
4 0.84 1 3 0.72 85.0 1.07 1,250 
5 1.02 1 y 0.778 52.5 2.45 600 
6 1.22 2 0 
7 1.35 2 2 0.828 56.0 4.10 750 
8 1.55 2 4 0.835 94.0 4.70 1,850 
9 1.85 2 3 0.863 109.0 5.70 2,550 
10 1.95 2 z 0.873 98.0 6.60 2,200 
11 all 2 $ 0.893 57.0 7.80 950 
12 2.3 3 0 

15 2.9 3 3 0.923 114.0 10.80 3,300 
21 3.9 4 4 0.951 118.0 15.40 4,100 
27 5.3 5 3 119.0 23.5 5,100 
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Chapter 9 


THEORETICAL ANALYSIS OF ERRORS IN RADAR 
DUE TO ATMOSPHERIC REFRACTION 


PURPOSE 


HIS REPORT is a theoretical evaluation of errors 

in altitude, azimuth, and range caused by atmos- 
pheric refraction. These errors are compared with 
the error tolerance specified in military characteris- 
ties for fire control radar equipment. Regional 
climatological data are utilized to determine probable 
refractive index gradients used in the determination 
of the error. Errors in heightfinding resulting from 
ducts are also treated. An Evans Signal Laboratory 
[ESL] report now under preparation discusses errors 
which may occur during specific meteorological 
situations and which may exceed the errors indicated 
in this report. 


PROCEDURE 


The variation of the index of refraction perpen- 
dicular to the path of a radio wave results in a 
curvature of the ray toward the higher index. The 
curvature of the ray is approximately equal to the 
rate of decrease of the index of refraction with 
altitude. Errors due to atmospheric refraction will 
therefore depend on the rate of decrease of the 
index of refraction perpendicular to the ray path 
and to the range. A simplified equation for the error 
in azimuth and altitude is derived below and is 
utilized in this report. This method has been found 
to check to within a thousandth of a degree with 
more accurate methods” of ray tracing.° 

The rate of decrease of the index of refraction in 
a standard atmasphere is 12 X 10% unit per 1,000 
ft up to 4,000 ft above mean sea level. Thig corres- 
ponds to a curvature of the path of the ray approxi- 
mately one fourth the curvature of the earth.’ The 
standard atmosphere represents average conditions 
in temperate zones. In tropical air such as exists in 


equatorial regions and southeast Asia and southeast — 


United States in summer, the average rate of decrease 
of the index of refraction is approximately 18 x 10° 
unit per 1,000 ft up to 6,000 ft corresponding to a 
curvature of the ray % that of the earth. Over trade 
wind regions of the ocean (latitude 10° to 30°) dry 


*By Raymond Wexler, Signal Corps Ground Signal Agency. 

>Errors in angle of altitude due to a duct with a standard 
atmosphere above the duct have been computed by members 
of Group 42 of the Radiation Laboratory. Values computed by 
the method outlined below under Derivation of Formulas 
have been found to agree with their results. 

°For a more detailed analysis of ray tracing methods, see 
reference 75. 


subsiding air exists over a moist tropical layer. The 
rate of decrease of the index of refraction in these 
regions is approximately 24 X 107% unit per 1,000 ft 
corresponding to a curvature of the ray one-half that 
of the earth. Within layers of atmosphere designated 
as “ducts” the curvature of the ray may exceed the 
earth’s curvature and may result in a trapping of the 
ray within the duct. Errors due to atmospheric 
conditions in each of the above atmospheres are 
analyzed. In Table 1 are tabulated values of the 
index of refraction at selected levels for the standard 
atmosphere, tropical atmosphere, and tropical dry 
atmosphere as utilized in this report. 


TaBLeE 1. Values of the index of refraction for selected 
levels in different air masses.* 


(n — 1) 108; n = index of refraction. 


Elevation above 


mean sea level Standard Tropical Tropical air 

(feet) atmosphere atmosphere dry air above 
0 324 394 348 
2,000 300 358 300 
4,000 276 322 260 
6,000 255 286 242 
8,000 236 255 227 
10,000 219 234 216 
15,000 191 195 179 
20,000 151 159 146 
30,000 105 107 105 


*Aerological data for Miami and San Diego for July 1943 were utilized to 
compute the indices of refraction for the tropical atmosphere and the trop- 
ical atmosphere with dry air above, respectively. 


APPLICATION TO GROUND 
RADAR EQUIPMENTS 


GuNLAYING (ANTIAIRCRAFT) RADAR 


Military characteristics for gunlaying radar call 
for a tolerance of 50-yd error in a range of 29,000 
yd and an angle of 1.5 mils in azimuth and elevation. 
Initial angles of sight are between 10° and 90°. 
RESULTS 

In a standard atmosphere, errors in angle of eleva- 
tion for a range of 29,000 yd and an initial angle of 
sight 10° are 0.5 mil. A maximum error is obtained 
at 0.9 mil. For an initial angle of sight of 20° the 
maximum error is about 0.6 mil as compared to an 
error in a standard atmosphere of 0.4 mil. Errors in 
azimuth and range are negligible.. 


EarLy WARNING HEIGHTFINDING RADAR 


Military characteristics call for the following 
tolerances in heightfinding radars. 
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Set Freq. Band Accuracy Required 


AN/CPS-+4 Ss 1,000 ft in absolute altitude and 
500 ft in relative altitude at 45 
miles range, preferably 90 miles. 


AN/CPS-6 s 1,000 ft in absolute altitude and 
500 ft in relative altitude at 75 
miles range, preferably 100 miles. 

AN/TPS-10 x 1,500 ft in absolute altitude and 


500 ft in relative altitude at 50 
miles range. 


TROPICAL ATMOSPHERE ORY AIR ABOVE 


TROPICAL ATMOSPHERE 


STANDARD ATMOSPH 


ERROR IN ALTITUDE IN 10° FT 


WW 
V. 


RANGE IN MILES 


Thus with the % earth radius correction the error 
remains under 1,000 ft at 75 miles. However, these 
atmospheric conditions represent normal conditions 
so that in specific meteorological situations the error 
may exceed 1,000 ft in 75 miles especially in the 
trade wind regions. 

Since the maximum error occurs at a true angle 
of 0°, these errors in absolute altitude for a range of 
75 miles are tabulated for true angles of 0° to 3°. 


APPARENT ALTITUDE 


TRUE ALTITUDE 
HORIZON PLANE 


TRUE EARTH 


TROPICAL ATMOSPHERE DRY AIR, ABOVE: 


ieee 


TROPICAL ATMOSPHERE Z| 


i 75 100 
RANGE IN MILES 


Ficure 1. Maximum errors in absolute altitude due to atmospheric refraction. A. True earth radius. B. 4/3 earth 


radius. Target assumed to be at true angle of zero degrees. 


ABSOLUTE ALTITUDE 


Figure 1A indicates the errors in absolute altitude 
for different air masses on the assumption that the 
target is at a true angle of zero degrees. Thus at a 
range of 75 miles the error in elevation is 940 ft in 


Tasxe 2. Errors in absolute altitude for early warning 
heightfinding. Range 75 miles. 


True Angle of sight.(degrees) Errors in altitude (feet) 


angle Standard Tropical Standard ‘Tropical 
0 0.14 0.20 941 1,412 
1 1.12 1.17 823 1,332 
2 2.10 2.14 705 970 
3 3.09 3.12 626 845 


a standard atmosphere and 1,880 ft in a tropical 
atmosphere with dry air above. Figure 1B depicts 


‘the errors on the assumption that the standard 


atmosphere correction (% earth radius) is applied. 


ERROR IN ALTITUDE IN 10° FEET 


50 75 
RANGE IN MILES 


Figure 2. Maximum errors in absolute altitude due to 
surface ducts with standard atmosphere above. 
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Ducts in the lower layer of the atmosphere will 
cause errors to exceed those specified by military 
characteristics. For a duct depth of 25 ft and 1-unit 
decrease in the modified index of refraction, errors 
‘in absolute altitude may exceed 1,000 ft within 
ranges of 50 miles. A 200-ft duct, in which the 
modified index of refraction decreases 10 units, may 
cause an error of more than 2,000 ft in 50 miles 
range. Figure 2 depicts errors in absolute altitude 
for ducts of various depths on the assumption that 
the ray just escapes, the top of the duct into a stand- 
ard atmosphere above. The rate of decrease of the 
modified index of refraction in the duct is 1 unit 
per 20 ft (corresponding to a curvature of the ray 
about twice that of the earth). 


RELATIVE ALTITUDE 


For example, let us assume that five aircraft are 
located at altitudes of 3,000, 8,000, 13,000, 23,000, 
and 33,000 ft above mean sea level. Suppose that 
these planes are detected by radar at ranges of 50, 
75, and 100 miles. Errors in relative altitude occur 
because of differential refraction at high and low 
levels. Even in a standard atmosphere errors in 
relative altitude arise since the rate of decrease of 
the index of refraction near sea level is 12 X 107% 
unit per 1,000 ft, while at 15,000 ft it is only 6 X 107% 
unit per 1,000 ft. In a tropical atmosphere with dry 
air aloft the errors are likely to be considerably 
greater since the rate of decrease of the index of 
refraction with height is greater. 


TaBLe 3. Errors in altitude relative to lowest plane 
located at 3,000 ft above mean sea level. 


Separation Standard Tropical Tropical 
of planes atmosphere atmosphere dry 
(feet) (feet) (feet) (feet) 
Range.50 miles 
5,000 35 24 317 
10,000 73 107 380 
20,000 131 243 514 
30,000 171 306 572 
Range 75 miles 
5,000 78 54 713 
10,000 164 242 924° 
20,000 287 539 1,158 
30,000 389 693 1,290 
Range 100 miles 
5,000 139 97 1,270 
10,600 376 431 1,644 
20,000 527 960 2,061 
30,000 673 1,237 2,296 


Thus in a tropical atmosphere with dry air aloft 
such as exists in the trade wind areas over the ocean 
errors of some 500 ft relative altitude for planes 
separated by 20,000 ft would occur in a range of 50 
miles. For 100-mile range, errors can be as much as 
2,000 ft. Even in a standard atmosphere errors are 
more than 500 ft for ranges of 100 miles for the 
higher level planes. 


AZIMUTH AND RANGE 


Errors in azimuth are negligible for all meteoro- 
logical conditions except possibly for propagation 
parallel to a sea coast or sharp cold front (see para- 
graph below). Errors in range are likewise negligible 
for all possible meteorological conditions. 


SURFACE SURVEILLANCE RADAR 


Military characteristics for sets AN/MPG-1 and 
AN/FPG-2 specify errors up to 0.05° in azimuth at 
28,000 yd and 50,000 yd respectively. Range error 
toleration is 20 yd in 50,000 yd. 


RANGE 


Errors in range due to vertical refraction within 
a duct are approximately of the order of 1 yd in 
50,000 yd. The error in range corresponding to an 
azimuth error of 0.05° is estimated at less than 0.2 
yd in 50,000 yd. 


AZIMUTH 


Errors in azimuth arise from horizontal! variations 
in the index of refraction in the atmosphere. Generally 
these variations are of insufficient magnitude to :cause 
such errors to be appreciable. In order to obtain an 
error of 0.05° in 50,000 yd it can be shown that a 
change in the index of refraction of 1.5 X 10° unit 
in 44 yd perpendicular to the path of propagation 
is required. This corresponds to an increase of 1C 
temperature and a decrease of 0.1 mb in vapor 
pressure. Such changes within 44 yd may occur in 
propagation parallel to a sea coast or to a sharp 
cold front, or in isolated regions such as between 
forest and meadow, valley and plain, or land and 
water surfaces. Except in the vicinity of a cold front 
or sea coast it is unlikely that such horizontal gradi- 
ents of the index of refraction exist along the entire 
path of the ray. 


CONCLUSIONS 


1. For gunlaying (antiaircraft) radar, the maxi- 
mum error in angle of elevation at 29,000-yd range 
is 0.9 mil, as compared to a military tolerance of 
1.5 mil. 

2. In early warning heightfinding radar, errors of 
1,000 ft absolute altitude at 75 miles range may be 
exceeded even with the application of a standard 
atmosphere (% earth radius) correction. Because of 
ducts, errors may be as much as 2,000 ft at 50 miles. 
Errors in relative altitude may likewise exceed 500 
ft in 75 miles. 

3. Errors in azimuth may exceed 0.05° in 50,000 
yd in propagation parallel to a sea coast or a cold 


eo 
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front. Errors of this magnitude will, however, be rare. 
4. Errors in range are negligible for all possible 
meteorological situations. 


DERIVATON OF FORMULAS 


Let the origin of the coordinate system be the 
point where a ray is initially tangent to a line of 
constant index of refraction %o, and let the Y axis 
coincide with this line. Since the ray curves toward 
higher index of refraction m, according to Snell’s law: 


ncosB = n , (1) 


where 8 is the angle the ray makes with the line 7. 
Then from trigonometric relations: 


dX _ Vn? — 1? 


= mn 


tan B = 


Q 
nt 


_ Vn= mH Vn Fr 


No 


(2) 


Since 7 and 7» are extremely close to unity no appre- 


ciable error will result if we.assume that m + n) = 2,. 


hence 


n— MN. 


dX v2 
a RAN 


Assuming a linear variation of the index of refraction 
in the X direction, m = 7) + wX, and 


if =+|,4 aX ny W2X 
Vu eV 
y2 = 2 ni X 


(3) 


2) 


Equation (3) indicates that the ray follows a para- 
bolic path. Let us convert into polar coordinates by 
the transformation X =r sin @ and Y =r cos ¢, 
where r is the actual range. Then the equation of 
the path becomes 


= 2h 
r 


tan ¢ sec ¢. (4) 


Since in actual practice, ¢ is extremely small and np 
is extremely close t6 unity, equation (4) can be 
written as 

tan ¢ = me (5) 
Here w represents the rate of change of the index of 
refraction perpendicular to the ray, and @ is the 
error. If the ray were initially at an angle a to the 
line of equal index of refraction, then the rate of 
change of the index of refraction perpendicular to 
the ray would be w cos a. Hence, more generally, the 
equation for the path of a ray at a mean angle a to 
the lines of index of refraction can be written as 


tan ¢ = = cosa. (6) 


Equation (6) has been utilized to compute errors in 
azimuth and angle of elevation. 


Chapter 10 


DIFFRACTION OF RADIO WAVES OVER HILLS* 


| Fie ole HAS SHOWN that frequencies in the 
VHF (very high frequency) range and higher 
are propagated over hills and behind obstacles more 
easily than has been commonly expected. Hills or 
other obstacles in the transmission path cast shadows 
which may make a radio system unworkable when 
either antenna is located close to the obstacle, but 
recent experiments, notably the work of Jansky and 
Bailey,* have shown that hills and mountains can 
cause constructive interference as well as destructive 
interference. In other words, with proper antenna 
siting, the field intensity beyond the line of sight may 
be higher than is expected for the same distance over 
plane earth. This improvement in field intensity may 
be & to 10 db or more. : 

One attempt to develop a theory for radio trans- 
mission over hills is based on the computed field 
intensity over the solid triangle shown in Figure 1. 
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Fieure 1. Analysis of field intensity over a solid triangle. 


It was reasoned that a good approximation to the 
field over any profile might be obtained from a 
knowledge of (1) the field over a perfectly smooth 
earth, (2) the field over the solid triangle that 
encloses the actual profile, and (3) the field over a 
knife edge equal in height to the highest point in 
the profile. The theory of propagation over a perfectly 
smooth earth is well known; it is the basis of all the 
published theoretical curves on radio propagation. 
The corresponding expressions for the field intensity 
over a solid triangle and over a knife edge are indi- 
cated in a paper by Schelleng, Burrows, and Ferrell,*47 
but some effort is needed to place these expressions 
in a convenient form for computation. 

The method of obtaining an expression for the 
field over a solid triangle is indicated in Figure 1, 


"By K. Bullington, Bell Telephone Laboratories. 


and the same analysis applies to each of the ideal 
profiles shown in Figure 2. The field intensity at any 


> 
@ 


H c i H D 


Ficure 2. Analysis of field intensity over various tri- 
angular profiles. 


point P in the vertical plane through the apex of the 
triangle is assumed to be the sum of a direct ray and 
a ray reflected from the ground which is equivalent 
to a ray from an image antenna. In a similar manner 
the field at point P is propagated to the receiving 
antenna by means of a direct ray and a ground 
reflected ray. By integrating over the plane above 
the apex of the triangle (that is, from y = H to 
y = o and from z = — o to z = o) an expression 
for the total received field is obtained. The complete 
expression is not as complicated as the expression 
for propagation over a smooth sphere, but two simple 
approximations will be sufficient for the present 
discussion. When the height of the hill H = 0 and 
when the ground reflection coefficient is —1, the 
complete expression reduces, as it should, to the well- 
known formula for VHF propagation-over plane earth. 


2rhihe 
d (ai + 22) © ) 


When the height of the triangle H is greater than 
three to five times the average height of the antennas 


E = 2K, sin 
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Ficure 3. Shadow-loss factor S. 
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and when the retlection coefficient is —1, the com- 

plete expression reduces to 

2QrnHh, . 2rHhe 
Xz Sin : 


TT = 4E)S sin 
2 AX 


(2) 


The factor S is the shadow loss shown in Figure 3 
as a function of 


= 22122 
u= Bx hogor a: 


The other symbols in the above expressions have 
the following meanings: 


E = field intensity in microvolts per meter, 


Ey = free space field intensity in microvolts 
per meter 


_ 3 V5P x 10° 
Xi + 22 


P = radiated power in watts, 

\ = wavelength in meters, 

H = height of the obstruction in meters, 
hi,h2 = antenna heights in meters, 
%1,%2 = distances as shown in Figure 1 in meters. 


, 


The approximate expression given in equation (2) 
indicates that the field intensity for points well 
beyond the line of sight may be greater than the 
field over a plane earth which is given in equation (1). 
The sine terms in equation (2) indicate interference 
patterns beyond the line of sight which seem to 
offer an explanation for the experimental fact that 
behind hills raising the antenna may cause a loss, 
or lowering the antenna may result in a gain, in 
signal intensity. 


A comparison between theory and experiment is' 


shown in Figure 4. These data, which were taken 
from the previously mentioned NDRC report pre- 
pared by Jansky and Bailey, show me&sured values 
at 116 me for horizontally polarized waves propa- 
gated over the profile shown in the bottom of the 
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Fiaure 4. Theoretical and experimental results in meas- 
uring field intensity of horizontally polarized waves. 
Frequency 116 me. 


drawing. The open circles show the field intensity 
in decibels below the free space value when both 
antennas are 29 ft in height, and the dots give 
similar data for 19-ft antennas. The two dashed 
lines running from upper left to lower right are the 
computed values for smooth earth for 29-ft and 19-ft 
antennas, respectively. The solid line with the inter- 
ference fringes is obtained from equation (2) for the 
case of 29-ft antennas. The correlation between 
theory and experiment is not complete, but at least 
the theory may be a step in the right direction. 
Similar theoretical and experimental results are 
obtained with vertical polarization. 

Thus far the only type of profile considered has 
been one with a single prominent hill, and it is 
natural to ask what happens over profiles containing 
several hills. There are less experimental data avail- 
able on this point than for propagation over a single 
hill, and consequently the remainder of this discus- 
sion is more speculative than the preceding part. 

An ideal profile consisting of two hills of equal 
height is shown in Figure 5. The complete mathe- 
matical solution for this case is difficult, but an 
approximation can be obtained in the following 
manner. The field at any poiut P midway between 
the two hills can be obtained by means of the expres- 
sion for the diffraction over a single hill. The field at 
this point is then propagated over the second hill to 
the receiver. The total received field is obtained by 
mechanical integration, that is, by adding the effect 
(magnitude and phase) of many evenly spaced points 
in the vertical plane midway between the two hills. 
The net result is that the total received field is 
represented more closely by the path ACB than by 
the path A DEB. The energy received over any given 


he 
A B 


Ficure 5. Field intensity computation for a profile of 
two hills by a solid triangle. 


path such as path ADHB decreases rapidly as the 
number of diffractions in that path increases. How- 
ever, for any profile there is always at least one 
path between transmitter and receiver such as path 
ACB that requires no more than one diffraction, 
and the field intensity over this path is usually 
controlling. In other words, the profile consisting of 
two hills can be approximated for computation pur- 
poses by a solid triangle which is formed by a line 
from the base of the transmitting antenna to the base 
of the receiving antenna and lines from the base of 
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each antenna tangent to the hill that blocks the line 
of sight. By the same reasoning it appears that a 
profile which includes any number of hills can be 
represented approximately by the circumscribing 
triangle. 

The principal assumptions that are basic to this 
method of treating radio propagation over hills and 
other obstructions are as follows: (1) the height of 
antennas is greater than about one-half wavelength, 
(2) the size of obstructions is large compared with 
the wavelength, and (8) the distance between anten- 
nas is large compared with either the antenna height 
or the size of the obstructions. These assumptions 
limit the application of this theory to wavelengths 
shorter than a few meters. 

The principal differences between the diffraction 
over an irregular earth and the diffraction over a 
smooth sphere is illustrated in Figure 6 for trans- 
mission of S-band waves over sea water. The dashed 
line shows the field intensity versus distance over a 
perfectly smooth earth. The solid line shows diffrac- 
tion over a solid triangle which represents what is 
expected when the sea is rough, that is, when the 
height of the water waves is large compared with 
the S-band radio waves. It will be noted that there 
is little difference between the two methods for 


distances less than about twice the optical range, 
but at greater distances the solid triangle theory 
indicates that some energy will be received at 
appropriate distances. 

These views on the transmission of meter and 
centimeter radio waves over multiple obstacles are 
speculative. There is little experimental evidence to 
support them, but also there appears to be even less 
experimental evidence to contradict them. 


“She 


6 


40 
GERDECT: aitaaie ile SPACE FIELD 


le ee CONE a 
FIELD INTENSITY 
S BAND SO-FT ANT 
1 WATT RADIATED 
MAXIMUM VALUES. 
LINE OF SIGHT FALL ON THIS LINE 


-20}REFLECTION COEFFICIENT=-1 
605 7000 


MILES 


20) 


OB ABOVE ipV PER METER 
oo 


-40 


Figure 6. Comparison of diffraction over irregular earth 
and over a smooth sphere for S-band waves over sea 
water. 


Chapter 11 


SITING AND COVERAGE OF GROUND RADARS‘ 


INTRODUCTION 


[pa ISAGENERAL discussion of the effects of terrain 
on the operation of ground radar systems. Written 
to supplement a Signal Corps publication Radar 
Performance Testing, it is intended to provide a 
practical, engineering type of solution of siting 
problems. The principal emphasis is on early warn- 
ing and other very high frequency [VHF] systems 
although application may be made to microwave 
and other types of radio equipment. 

The objective has been to enable field personnel 
to compute coverage and other characteristics of a 
given site and radar and reduce the number of test 
flights required to a minimum. Thus the terrain 
factors may be evaluated, and a definite, numerical 
description of the capabilities of a site may be stated. 

Since it is not possible to anticipate all problems 
that may arise in the field, sufficient theory has been 
included to cover a fairly wide scope. In most cases 
several types of solutions are provided so that the 
accuracy and detail required may be related to the 
labor involved. A number of fully worked examples 
are included with a discussion of significant features. 
The drawings are made to scale and to fit practical 
situations. 


RADAR SYSTEMS 
Types of Ground Radar 


Tactical requirements and intensive technical 
development have led to the introduction of numer- 
ous types of ground radar equipment. The charac- 
teristics and descriptions of these units are given in 
several Service publications. 

Ground radars may be divided into two classes: 
(1) those which utilize ground reflection; (2) those 
which use only the direct ray. Sets which are sited 
so that ground reflection influences their performance 
usually have stringent siting requirements and the 
coverage is dependent on the site. This report is 
concerned chiefly with this type of radar. Equipment 
that uses only direct rays is relatively free from site 
restrictions, and the terrain has little effect on the 
coverage. 


Radar Systems—Tactical Aspects 


In most cases radar stations are operated in groups 
for the defense of a region of considerable extent. 
The several stations are assigned sectors in which 
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searches are conducted for designated targets, and 
these, when located, are reported to a central agency 
for tactical disposition. Technical operation of such 
groups requires close study of the topography of the 
region so that available equipment and personnel 
may be used to the best advantage. In this way 
adjacent stations may support each other in the 
event of outage due to maintenance or enemy activ- 
ity, and other factors may be taken into account, 
such as jamming, atmospheric effects, and perma- 
nent echoes. : 

The nature of the region to be protected and 
the type of application for which the radar equip- 
ment is to be employed are controlling factors 
determining the number, location, and kind of sets 
which must be used. Thus, harbors, islands, and 
inland mountainous regions present problems with 
widely differing operational characteristics. Early 
warning [CHL], fighter control [GCI], gunlaying 
(coast defense), gunlaying (antiaircraft), and search- 
light control radars all have different siting require- 
ments. This report deals mainly with the first three 
types of equipment listed above, but the methods 
have general application to other problems such as 
the siting of direction finding sets [DF]. 

The early warning radar usually has the mission — 
of reporting and identifying enemy aircraft (at say 
20,000 ft) 45 minutes before they can reach the vital 
defense area. This is based on the time required to 
alert the area and to give the defense aircraft time 
to take off and make their attack. Other missions 
may be assigned, such as detection of ships or obser- 
vation of friendly aircraft for purposes of control and 
air-sea rescue. Using the moderate plane speed of 
240 miles per hour it is apparent that the early 
warning radar must have a range of 180 miles if 
located near the defense area. Sometimes suitable 
outlying sites, such as islands, are available, and the 
coverage may be extended accordingly. The disad- 
vantages of outlying sites presented by communica- 
tion and supply difficulties, exposure to enemy 
attack, etc., should be carefully considered. More 
often, however, the success of the warning system 
depends on effective long-range operation of radars 
located relatively close to the defense area. The early 
warning stations give periodic reports of the grid 
position of an aircraft and its response to interro- 
gation signals. 

The GCI radar is used to direct from the ground 


®By Capt. E. J. Emmerling, detailed by Signal Corps to 
the Columbia University Wave Propagation Group. 
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the operation of friendly fighters against enemy 
aircraft. It has a range of about 50 miles and is 
capable of handling a large volume of traffic. In 
addition to the grid position and identification of 
the target it also determines the height. Surrounding 
the defense area is a region whose width depends on 
the time required to make an interception on an 
incoming enemy plane. The siting objective of the 
GCI stations is the continuous and effective cover- 
age of the interception region. Close coordination is 
maintained between early warning and fighter sta- 
tions, and the coverage deficiencies of one station are 
counteracted by favorable characteristics of the 
other stations. 

The coast defense gunlaying radar is concerned 
primarily with accurate location of ships. It has a 
range up to 100,000 yd and must be sited fairly high 
and within a few miles of the coast defense guns 
which it directs. This radar supplies aceurate data 
on the azimuth and range of the target. 

The antiaircraft gunlaying radar is used primarily 
for directing the guns. Long-range search features 
are usually provided so that they may function also 
‘as early warning radars, at least to a limited extent. 
They are sited near the guns which are located to 
meet artillery requirements. These units provide a 
continuous flow of data to the gun director giving 
the azimuth, elevation, and range with great accuracy. 

The searchlight control radar is a short-range high 
angle set which is located near the light it directs. 
It furnishes the azimuth, angular elevation, and 
altitude of the target. 


Radar Siting—Technical Aspects 


In the past some elaborate air warning systems 
have been set up without a competent analysis of 
terrain effects. This resulted in a waste of time and 
money and in failure to adequately provide urgently 
needed radar screens. This failure was caused in 
many cases by the use of prepared coverage diagrams, 
furnished with the equipment, which were computed 
for idealized sites. In mountainous regions where 
only limited reflection areas occur and where the 
sites are very much higher than those used in labora- 
tory tests, such diagrams are likely to be very 
misleading. A result of this experience is an unfor- 
tunate tendency to explain variations from expected 
coverage by resort to various abstruse speculations, 
with weather not infrequently bearing the brunt 
of the odium. 

It is the purpose of this report to provide an 
engineering type of solution for the bulk of the 
problems that arise in siting and in field computa- 
tion of coverage. A more accurate analysis, with 
increased attention to detail, probably is not war- 
ranted at this time in view of the relatively rough 
measurements which now are made in the field of 
radar. 


The common early warning radar uses horizontal 
polarization and operates in the VHF band. It must 
be sited from several hundred to several thousand 
feet high in order to obtain sufficiently low angles 
for the range and low coverage desired. Suitable 
sites of the required height may be far inland so 
that an important part of the reflecting surface may 
be rough land or sloping flat areas. Such features 
and also cliff edges, ridges, hills or other obstacles, 
nearby towers and structures will, in general, produce 
a marked effect on the coverage pattern. 

The GCI radar uses horizontal polarization, 
operates in the VHF band and should be sited on 
a large, flat area. The determination of the height 
of an airplane is accomplished by comparing signals 
from two antennas of different heights. If reason- 
able accuracy is to be attained the lobe structure in 
the vertical plane must be known with considerable 
precision. Best results are obtained by using a site 
of the extent and flatness prescribed in the instruc- 
tion manual. In practice it may be necessary to 
operate on rough ground or limited areas. The ques- 
tion may then arise concerning the benefit that will 
be obtained by grading the surrounding areas, or 
how much forest: or vegetation should be removed 
for acceptable operation. 

Similar problems arise in siting DF stations. Large 
errors may be introduced by reflection from sloping 
land or other terrain features. 

The effects described above, involving reflection 
from limited areas or rough land or passage of waves 
past an edge, may all be treated as problems of 
diffraction, for which solutions are well known or 
may be readily computed. This subject is unfamiliar 
to most Service personnel; but a working knowledge 
of the methods of computation may be obtained by 
anyone who has the usual engineering education. 
Since it is not possible to anticipate all problems 
which may arise in the field, a fairly comprehensive 
discussion of diffraction has been included in this 
report so that even in the absence of other references 
the majority of problems may be treated. 

Other important considerations such as orienta- 
tion, visibility, permanent echoes, interference, and 
test methods are discussed. There have been many 
ingenious developments in these subjects in different 
theaters, and where available they have been 
included in this report. Only standard atmosphere 
propagation has been considered. Those who are 
interested in nonstandard propagation should refer 
to the articles on this subject published in this series. 


TOPOGRAPHY OF SITING 
Introduction 


The performance of equipment which utilizes radio 
propagation depends upon the character of the inter- 
vening land or sea and in particular upon the local 
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terrain at the terminals of the propagation path. 
Siting refers to the general problem of selecting and 
utilizing available locations for the best operation 
of the equipment involved. With some types of 
equipment the effects of local conditions are minor, 
and with other types the requirements are most 
exacting. In many cases practical and tactical con- 
siderations will compel the use of unfavorable loca- 
tions. Performance may then be considerably below 
that obtained in the laboratory or under ideal condi- 
tions, and familiar characteristics may be drastically 
modified. 

Field personnel are frequently called upon to 
predict or explain abnormal operation, to devise 
methods of improving poor performance, and to 
make modifications to fit local requirements. This 
discussion will be limited to general principles, and 
reference is made to the instructions furnished with 
the individual equipment for specific details. 

Elements of a communication or radar network 
should ordinarily be viewed as parts of a system and 
not as isolated, self-sufficient units. From this point 
of view a site that gives outstanding results would 
not be satisfactory if it did not help achieve the 
mission of the system. This interrelation between 
‘various parts of a system, which may extend over 
hundreds of miles, raises numerous problems of 
orientation, visibility, and coverage. 


Maps and Surveys 


Where available, topographic maps of a scale on 
1 or 2 miles to the inch and contour intervals of not 
more than 100 ft, preferably 20 ft, should be secured. 
Hydrographic charts are valuable in coastal areas. 
If there are no reliable maps, aerial photographs 
may be used to a limited extent. 


Due consideration should be given to the suit- 


ability of the map projection for the purposes for 
which it is to be used. The grid system used for 
reporting should be based on the Lambert polyconic 
projection, and not on the Mercator projection. 
Otherwise important errors in azimuth may occur. 
This is especially true at high latitudes. If in coordi- 
nating with other services, such as the Navy, it is 
required to use the Mercator projection, the transfer 
‘from the Lambert projection may be made with a. 
transparent overlay of one grid system on the other. 

A transit and a stadia rod are most useful for 
orientation, surveys, profiles, ete. Compasses, clinom- 
eters, and other surveying instruments should be 
provided. In the absence of some of this equipment 
much may be done with improvised devices made 
with plumb bobs and protractors. Rough surveys 
may be made with only a sketching board and by 
pacing off distances. Navigation instruments may be 
used for approximate determination of position. 


Engineer and artillery publications describe orien-’ 


tation methods in detail. Close attention should be 


given to the grid system used for reporting nets so 
that all stations are accurately located. Grid errors 
may be minimized by making all charts from a 
master copy. 


Profiles 


The height of the center of the antenna should be 
determined to within a few per cent. The reference 
level is the main refleeting surface, which is normally 
the sea. Heights given on maps should be checked 
against available bench marks and the terrain. 
Barometers or airplane altimeters are useful for 
height determinations, but their readings should be 
corrected for temperature. 

Where the reflection surface is part or all land, a 
profile is usually necessary for estimation of the 
effective antenna height and the reflection charac- 
teristics of the terrain. Profiles should be prepared 
of several representative azimuths in the operating 
sector. The accuracy required decreases with the 
distance from the transmitter. In most cases suffi- 
cient detail is not available on maps so that a 
personal inspection of the terrain should be made 
to become familiar with the nature of the soil and 
the degree of roughness. Special attention should be 
given to ridges, flat areas, bodies of water, distance 
to the shore, hills to the rear, obstacles in the operat- 
ing area and at the boundaries. A knowledge of the 
antenna pattern in both the vertical and horizontal 
planes is necessary for judging what parts of the 
terrain should be more closely examined. 


Orientation 


Where long distances and directive beams are 
involved fairly accurate orientation is required. This 
is especially true of the narrow beam, precision type 
radars. Of the many ways of determining the direc- 
tion of north, one of the most convenient is observa- 
tion of the azimuth of the sun. Care must be taken 
when using compasses because of local attractions 
or inadequate information of the declinations. Star 
observations are capable of good accuracy, but where 
Polaris is not visible they require thesame procedure 
as solar shots. Caution must be used m aligning on 
permanent echoes because nonstandard refraction 
may bring in confusing distant echoes, or side lobes 
may give false echoes. In general several methods 
should be used in order to obtain independent checks. 
When an accurate orientation has been obtained 
reference marks should be provided so that the 
azimuth may be readily checked. 

Solar azimuths, correct to the nearest quarter of 
a degree, may be determined from the date, time 
to the nearest minute, and the latitude and longitude 
to the nearest degree. Two methods will be given 
for obtaining the azimuth of the sun: (1) by calcu- 
lation, (2) from tables. A third method gives true 
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south only. 
The azimuth of the sun may be calculated from 
the formula: 
sin HA 
cos tan 6 — sin @cos HA © 


tan B = — (1) 
B = bearing of the sun. 

The bearing is east or west of south when ¢-6 is 
positive. The bearing is east or west of north when 
#-6 is negative. The bearing is east in the morning 
(6 will be negative), and west in the afternoon (6 
will be positive). 

HA = hour angle of the sun. 

During the morning hours when the hour angle is 
greater than 12 hours, its value should be subtracted 
from 24 hours for use in the formula. 
= latitude of the place of observation. 

6 = declination of the sun at the time of observation. 

The signs of ® and 6 are important and each is 
positive when north of the equator and negative 
when south. 

The hour angle HA is the local apparent time 
[LAT] minus 12 hours. To convert the observed time 
‘into LAT the civil time at Greenwich [GCT] must 
be found and combined with the equation of time 
to correct for the apparent irregular motion of the 
sun. This gives Greenwich Apparent Time [GAT] 
which is converted to LAT by allowing for the lon- 
gitude. The equation of time and the declination of 
the sun are plotted in Figure 1 for 1945. The annual 
change is small, and these curves may be used for 
radar ‘work without regard to the year. Standard 
time meridians are every 15° east or west of 


DECLINATION>IN DEGREES 
EQUATION OF TIME IN MINUTES 


Greenwich, each zone corresponding to 1 hour. Care 
should be used to take daylight saving, or other 
changes from standard, into account correctly. 

Example 1. It is desired to compute the azimuth 
of the sun. 


Given: Date March 16, 
Time 1345 hours PWT 
Latitude 40° North 
Longitude 118° West 
Solution: 
The hour angle will be determined first: 
Observed time PWT 13" 45" 
Zone difference ab) fe 
Greenwich civil time 20" 45" 
Equation of time (Figure 1) — g™ 
Greenwich apparent time 20” =36” 
Longitude difference for 118° W Oe 
Local apparent time 12? 44™ 
LAT — 12 = HA — 12? 
Hour angle of sun + 0® 44m 
HA in arc (4” = 1°) + 11° 
Latitude ® + 40° 
Declination of sun 6 (Figure 1) — 2° 
Substituting in equation (1): 
° sin 11° 
tan B= ~ cos 40° tan (—2°) — sin 40° cos 11° 
bis 0.19 
"0.766 X (—0.0349) — 0.643 x 0.982 
= 0.29, 
B = 16°10’. 


Since ® — 6 is positive, 8 is the bearing from the south. 
The bearing is west of south since B is positive (p.m.). The 
azimuth of the sun is 


180° + 16°10’ = 196°10’. 


A quicker solution may be obtained from a book 


7 17 27,7 I7 27 
{il 2 3i 1020.2 1222 1 I 2) 4 Mt 21 31 10203010 20309 1929 8 16 268 8 18 28 2 172 
JAN FEB MAR APR MAY JUN JUL AUG SEP oct NOV DEC 


FicureE 1. Sun data from nautical almanac, 1945. 
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Azimuths of the Sun, H. O. 71, published by the 
U. S. Navy, Hydrographic Office. The equation of 
time may be obtained from a current copy of The 
American Nautical Almanac, United States Naval 
Observatory, Washington, D. C. 

This method will be illustrated by the data from 
Example 1. The LAT is obtained as before. Between 
September 23 and March 21 the sun is in south 
declination and since the latitude in this case is 
north, the second part of the book labeled ‘‘Declina- 
tion Contrary Name to Latitude” is used. For 
latitude 40° an interpolation is made between 12:40 
and 12:50 obtaining 164°. The table is marked “the 
angular departure of the sun west of north” for 
readings in the afternoon, and the tabular value is 
therefore subtracted from 360°, giving 196° as the 
azimuth of the sun. It is usually more convenient 
to plot a curve of azimuth against time for the hours 
during which it is expected that the observation will 
be made. Such a curve may be used for several days 
without much error. 

A method that is léss convenient but requires no 
calculation is the equal altitude method. This con- 
sists in measuring the horizontal angles between the 
sun and a mark, when the sun is at the same altitude 
on both sides of the meridian of the observer. The 
bisector of the horizontal angle between the two 
equal altitude positions of the sun during the obser- 
vations is very close to true south, and the azimuth 
of the mark may be determined. 

A horizontal radiation pattern should be obtained 
to determine whether the electrical and mechanical 
axes of the antenna coincide and to discover any 
abnormalities in the main or secondary lobes. Defec- 
tive patterns should be corrected by appropriate 
maintenance. 


Visibility Problems 


It is frequently necessary to estimate the effect on 
rays of intervening obstacles or the curvature of the 
earth, or to compute the distance to the horizon, or 
the amount a ray would have to be diffracted to clear 


K 


un intervening hill. The methods described here 
enable one to solve such problems quickly and 
simply. 


DISTANCE TO THE Horizon 


The distance d of the horizon on a spherical earth 
as seen by an observer at elevation h is given by the 
well-known formula: 


Heme nes 
a= <5 or h=3@, (2) 


with d in statute miles and h in feet. This expression 
makes no allowance for refraction and is commonly 
used in visual work. 

In radio propagation work the refraction of the 
standard atmosphere is sufficient to increase the 
distance of the “radio horizon” to 


d=V2h or h= 


where d is expressed in statute miles and h. in feet. 
This corresponds to the use of an effective radius of 
the earth equal to ka where k is % and a is 3,960 
miles. This value of k will be used throughout this 
report. If it is desired to use other values of k, 
equation (8) may be written as 


Bkh 2d? 
d= ay OE A are 


1 4 
a (3) 


Points at heights h; and he which are separated by 
the sea or smooth earth are visible fronr each other 
if the distance between them is less than’ 


Drie anp RiIsz 


Over land, visibility is determined by the profile 
of the path involved. Elevations obtained from map 
contours may be plotted on a profile so as to take 
the effective earth curvature into account, and visi- 
bility can then be determined by graphical means. 
However, construction of such profiles on a curved 
datum line is tedious, and it is easier to compute 


Ficurs 2. Relations between various heights on earth’s surface. Dip and rise. 
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the earth curvature and the visibility directly from 
the map by methods given below. 

In Figure 2 is shown the relations between various 
heights on the earth’s surface. In considering the 
reference line (sea level) flat as on a map or ordinary 
profile diagram, use is made of the line H,TH2T’ 
instead of the curve H,HH2H’. This will be com- 
pensated for by using a fictitious ray path P,PP2P’ 
instead of the line P,QP2Q’. The deviation of this 
fictitious path from PiQP2Q’ at P is QP = HT and 
is called the dip. The deviation at P’ is Q'P’ = H'T’ 
and is called the rise. 

In the figure on the left the triangles HH2T and 
H,KT are similar and 


TH, HT 


THe Teigae° 
or approximately (right-hand figure) 
HT X 2ka = did2. 
Therefore the dip, 
5,280 X did2 X 3 _ dide 


QP = “3 x 3,960 x 4 2 o) 
Similarly for the rise 
Oia? dy'd.! 
(QI = 2° 


The application of these formulas will be shown by 
a number of examples. 

Example 2. Intervening Obstructions — Graphical 
Solution. In Figure 3 is shown a profile as may be 


Ficure 3. Intervening obstruction of radiation between 
two points. 


obtained from a topographical map. It is desired to 
ascertain whether P» will receive. radiation from P; 
without being obstructed by the intervening hill P. 
Owing to the curvature of the earth the line marked 
“datum level” is actually curved instead of being 
straight as shown. To compensate for this distortion 
the line of sight of the radar is taken as the parabola 
P,XP, (shown dashed) instead of the straight line 
P,QP>. If X lies above the top of the intervening 
hill P, the ray is not obstructed. The distance QX 

is from equation (5). 
did2 _ 20 X 30 


Qx = = 


y= = 800 ft - 


Scaling this distance down from Q, it will be found 
that X lies above P and there is no obstruction to 
the radiation. 


It will be noted that QX is a maximum midway 
between P; and Po». 


2 
5 1 
QXx max — 8 (a oP as) . (6) 
Where there are several obstructions to be con- 


sidered the work may be speeded by drawing a line 
S1S2 (Figure 4) parallel to PiP2 at a vertical distance 


WILL NOT 1 
OBSTRUCT 


Figure 4. Several obstructions of radiation between 
two points. 


below it equal to the maximum dip. Then intervening 
hills which do not rise above S,S2 will not have to 
be considered, and those that do cut the line may 
be checked for obstruction by equation (5) as before. 

Example 3. Remote Shielding—Graphical Solution. 
It is frequently desired to know from a position as 
P, what degree of shielding will be obtained from a 
given profile. In Figure 5 the rise Q’X’ is computed 


Figure 5. Remote shielding obtainable from a given 
profile. 


by equation (5). Since P’ lies below X’ it is shielded 
from P; and the minimum height of radiation is 
indicated by the dotted lines 
dds’ _ 90 X 80 

Dalam 2 

Example 4. Visibility Determined by Computation. 
In many case. it is not necessary to construct profiles, 
as visibility may be determined by a simple compu- 
tation. The critical height, h,, which an intervening 
hill must equal or exceed to obstruct the line of 
sight, may be computed from Figure 4. Let the 
height of the line P;P2 at d, be h’. Then 


Dap st ld 0 1 


QXx' = = 3,600 ft . 


dy dime 
oh ay me hid + hed 
di + de 


But the height h’ exceeds h, by the dip (did2)/2; 
therefore 
— Iide + hedi _ dide 
a mrresyir | ou (7) 
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For the values given in Figure 4 the critical height 
at d; is 
h _ 3,000 X 35 + 1,500 X 15 _ 15 X 35 
: 15 + 35 2 
= 2:287.5 ft . 


Since the hill P is 2,300 ft high it will interfere with 
radiation to Ps. 

Example 5. Remote Shielding—Computation. An 
important problem is illustrated in Figure 5. A trans- 
mitter is located at Pi, and it is desired to know if 
the nearby hill Ps shields the distant mountainous 
island. The height of the line P,Q’ at a distance of 
d,' from P; is denoted by h’ and may be obtained 
from the relation: 


he—-h’ hy —h’ 


d.’ dy,’ ? 
giving re dy'he — do'hi 
dy’ —d’ ~ 


For this case the rise Q’X’ due to earth curvature 
must be added to give the elevation X’ of the line 
of sight. The height of the lowest ray is therefore 


dy'he — do'hi, , di'd2! 
p= Shoo, aa @ 


For the values given in Figure 5 


_ 90 X 2,200 — 80 X 2,400 
=. 90 — 80 a 


= 4,200 ft . 


It is apparent that the hill P’ is shielded from Pi 
by the nearby hill P. except by diffraction. 


90 X 80 
2 


50 MILES 


Ficure 6. Vertical angle computation. 


Example 6. Vertical Angles. The slope of the line 
of sight at the near end (Figure 6) is given by 
_hz—-h__d 
O11 = “5 980d ~ 10,560 (9) 
6, is in radians and is measured from the horizontal 


at h,. The angle with respect to the horizontal at the 
far end is given by 


hy = he d 


92 = “5 280d 10,560" 


Thus for the values shown 
4, = ———____ — —— = — (0.0142 radian , 


5,280 X 50 
and 02 = 0.00474 radian . 


Example 7. Angle of Diffraction. One of the principal 
problems in connection with intervening obstacles is 
the computation of the angle of diffraction. In Figure 
7 the angle of diffraction is 0,. The line P,P is the 
geometrical shadow line; h, is the height of the 


Ficur: 7. Angle of diffraction computation. 


direct line P:P2 at the distance d, and is given by 
equation (7). 
h. — H 


Oa = 5 980d ° 


(10) 


For the values shown in Figure 7 


4,000 X 30 + 1,500 X 20-20 X 30 


Ne 20 + 30 2 
= 2,700ft , 
2,700 — 2,500 _ : 
6, = “5,280 X 20> 0.00189 radian . 


P, is therefore in the illuminated region. Had hz 
been 100 ft instead of 1,500 ft, h, would be 2,140 
ft and 


_ 2.140 — 2,500 


0a = 5280 X20 = —0.00341 radian , 


and P» would then have been in the shadow region. 


DIFFRACTION OF RADIO WAVES 
Introduction 


Whenever interference effects are important, the 
reflecting surface must be examined to determine to 
what extent the assumption of an ideal plane or 
spherical surface with uniform values for the ground 
constants is valid. This uniformity holds when the 
reflecting surface is the sea; but it is often not true 
over land areas, and especially at the coastline. 
More important deviations from the ideal case are 
roughness of the reflecting surface, such as waves on 
the sea, or irregularities of the land, such as hilly 
or broken terrain. This frequently causes diffuse 
reflection and virtual elimination of useful reinforce- 
ment of the direct ray. To deal with these practical 
terrain problems the methods of physical optics are 
employed. 
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Wave Propagation 


For most purposes the antenna may be considered 
as a point source of radiation. Near the antenna 
the wavefront (the locus of points of constant transit 
time) is spherical, but at great distances it is prac- 
tically plane. According to Huyghens’ principle each 
point of a wavefront may be considered as a source 
emitting wavelets whose envelope at a given time 
is the new wavefront. In Figure 8A, O is the source 


Ficure 8. Radiation wavefronts. A. Spherical wave- 
front. B. Plane wavefront. 


of radiation, and AB a portion of the spherical 
wavefront. From centers a, 6, and c, secondary waves 
spread out as shown by the dotted lines and are 
enveloped in the new front A’B’. A similar construc- 
tion is made in Figure 28 for a plane wavefront. 

Another example showing how waves are reflected 
from a plane surface is given in Figure 9. A wavefront 
AB is descending in an oblique direction on the 


FicureE 9. Reflection of waves from a plane surface. 
Huyghens’ construction. 


reflecting surface AB’ Points ACDEB’ are struck 
successively and in turn become centers of new 
wavelets. In the time required for B to reach B’ 
the wavelet from A spreads to a radius AA’, the 
distance it would have traveled if there were no 
reflector. Other wavelets have lesser radii which, in 
spreading, form a new wavefront. This is the reflected 
wavefront, and its angle with the reflecting surface 
is the same as that of the incident wavefront. 

The secondary wavelet from a point on a spherical 
wavefront (AB in Figure 10) does not produce the 
same effect in all directions. The field strength in a 
direction ac varies in proportion to (1 + cos @). The 
field strength drops from a value 2 in the forward 
direction to 1 along the line zy and to zero in the 
backward direction (@ = 180°). While in Figure 8A 
an envelope of secondary wavelets can also be drawn 
to the right of AB so as to produce a convergent 
wave traveling back to zero, it can be shown that 
this backwave does not exist. Only waves in the 
forward direction should be considered. 


x 


B 
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Figure 10. The secondary wavelet. 


Fresnel Zones 


In Figure 11, BC denotes a plane wavefront 
moving from a distant source on the right toward 
a point P to the left. It is desired to know the effect 
at P of the secondary wavelets emanating from the 
wavefront. A straight line is drawn from the distant 
source to point P cutting the wavefront at C. In the 
wavefront with C as a center are drawn circles such 
that the first is a half wavelength further from P than 
C is, the second is 2 half wavelengths, etc., so that 
the secondary disturbance from any circle will reach 
P half a wavelength ahead of those from the circle 
enclosing it. 

If PC = b, the radius 7; of the first zone may be 
obtained from 


\E 
(643) oe ne. 


SITING AND COVERAGE OF GROUND RADARS 719 


Figure 11. Fresnel zones. 


Neglecting \?/4, the radius 7; = +~/od and the 
radii, ro = V/20A, rs = +/3bA, etc., and in general 


Tm = Vimbo . (11) 


The corresponding areas are approximately 7b), 
2rb\, 3rbA, and mmbdA. The area of the central zone 
is rbA, and each succeeding ring or zone is slightly 
greater. 

The effect which one of the zones produces at P 
is proportional to its area and inversely proportional 
to its distance from P. These factors compensate as 
the radius increases, so that the successive zones 
may be regarded as producing equal and opposite 
effects at the point P. The zones become less effective 
further from the center owing to the increased 
obliquity, since the effect at P is proportional to 
i + cos @ (see Figure 10). The resultant effect may 
be represented by a series of terms of alternate sign 
which decrease slowly at first and then more rapidly, 
eventually becoming zero, thus: 


S = mi — m2 + mz, etc., 


1 1 1 
= 9M is (Gm = m2 + sm) 


lee 


1 
3 ma + 5) be + 5a. 


It can be shown that all terms except the first cancel 
so that 


S= em 5 (12) 
The resultant effect of the entire wavefront is equal 
to one-half of that due to the central zone. 

The secondary wavelets from the central zone 
unite into a disturbance whose phase is midway 
between the center and the rim. This may be shown 
by dividing the first zone into rings such that the 
effect of each ring at the point P is equal in ampli- 
tude, and the phases range over half a complete 
period. The electric vectors corresponding to these 
subdivisions may be combined to obtain the resultant 
phase as in Figure 12. The vector for the central 
area of the first zone is AB with succeeding sur- 
rounding rings represented by BC, CD, etc. These 
vectors fall along the perimeter of a half circle, as a 
consequence of which the resultant amplitude is 
2/x times the sum of the amplitudes of the individual 
vectors. The vectors for the second zone are shown 
dotted. 

In Figure 13 is shown the first' six half-wave zones 
and the phases relative to the center of the first zone 
are indicated. A set of alternate black and white 
zones as shown at the top is known as a zone plate. 

If a screen is provided which has an aperture of 
the same diameter as the first zone, it will be found 
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RESULTANT 


A B 


Figure 12. Phase of a zone. 


that the electric intensity of the wave at the point P 
is doubled (m: = 2S) and the power intensity is four 
times as great as for the unobstructed wave. If the 
aperture is increased to include the second zone, the 
intensity at P will be reduced nearly to zero. The 
disturbances from the second zone are out of phase 
with those of the first zone and equal in magnitude 
and therefore cause cancellation. 


Ficure 13. Polarity of zones. 


Reflection from Rough Surfaces— 
Rayleigh’s Criterion 


A rough surface may destroy all phase relations 
between the elements on the wavefront. The second- 
ary wavelets start from the elevated portions of the 
surface first, since these portions are struck first by 
the incident wave, and the lower portions send out 
secondary disturbances at various other times in 
random phase. It is impossible to arrange any zone 
system on such a surface for there are all possible 


phase differences irregularly distributed over the 
reflected wavefront and each point on the surface 
acts as an independent source radiating in all 
directions. 

In Figure 14 is shown a plane surface zy with 
incident rays SB and SA falling on a raised portion 
and a crevice respectively and being reflected to P. 
The path difference is SA + AP — (SB + BP). 
Since BP and AP are practically parallel, the path 
difference may be taken as BA — BK.’ 


H 
oe ~ sin Ww’ 
BK = BA - cos2wv. 


TO DISTANT POINT P 


Ficure 14. Reflection from rough surface. 
The path difference 
gee 
sin Vv 


= 2H sinv. (13) 


KN = (1 — cos 2) 


The corresponding difference in phase is 


=> F ay see (14) 
Since the path difference increases as the grazing 
angle increases, the diffusion is greatest when the 
rays are perpendicular. When the angle is small, 
near zero, regular reflection may be obtained. It was 
suggested by Rayleigh to take as an upper limit for 
the grazing angle, giving regular reflection, the value 
corresponding to a phase difference of 7/4. By 
equation (14) this angle is given by 


a  4nrH . 
4 = = ae: 
or ¢ ON 
sin¥ = 7 - (15) 


For a given wavelength and lobe angle the terrain 
at the reflection point may be examined to determine 
the limiting height of the roughness for regular 
reflections. Equation (15) may also be given in a 
more convenient form using the approximation 
sin YW = W radians for small values of V: 


3,520 
i ca 


H= (16) 
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with H in feet, f in mc, and W in degrees. Thus for 
100 mc regular reflection may be obtained over 
ridges as high as 35 ft for a grazing angle of 1°, but 
for 3,000 mc’ the roughness could not exceed 1 ft 
in height at this angle. 


Diffraction at Obstacles 


The preceding considerations of Fresnel zones in 
a wavefront will now be applied to the problem of 
radio wave diffraction past hills, ridges, or nearby 
objects. These obstacles will be treated as though 
they were straight edges, narrow screens, or rec- 
tangular slits. 

In Figure 15 is shown a distant source of radiation 
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Figure 15. Interference of waves at an edge. 


and a diffracting edge. The illuminated edge is 
considered to send out secondary cylindrical wavelets 
which interfere with the plane waves which are not 
shielded by the edge. The dotted and solid lines are 
spaced a half wavelength apart. In the unshaded 
region the intersection of two dotted or two solid 
lines indicates reinforcement and the intersection of 
a dotted and a solid line indicates cancellation. 
The loci of maxima and minima are parabolas 
along which the relative intensities are practically 
constant. In the shadow region, where only the 
wavelets from the edge are propagated, the relative 


beatles 


Ficure 16. Fresnel zones in the shadow region. 


Fiaure 17. Fresnel zones on the shadow line. 


intensity falls off continuously as the angle of 
diffraction is increased, since the angle 6 (see Figure 
10) approaches 90°. 

In Figure 16 is shown the zone system obtained 
because of a diffracting edge with the source of 
radiation at a distance behind the paper and with 
the edge viewed from a screen on which diffraction 
fringes are formed. The observer is within the 
shadow region a distance bc, and the zone system 
is largely obscured as indicated by the dotted lines. 
The radiation received at c comes from the exposed 
zones, and its intensity is equal to a series of the 
form m — m2+m3---, etc., where m is the 
electric intensity due to the exposed portion of the 
first uncovered zone, etc. The sum of this series is 
a fraction of m since the outer zones tend to cancel 
As c is moved to the right, that is, further into the 
shadow, m, will decrease very rapidly without passing 
through maxima and minima. 

In Figure 17 the observer is at the geometrical 
edge of the shadow. Only one-half of the wave is 
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Ficure 18. Fresnel zones in the illuminated region. 
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effective and the electric intensity is reduced to 
one-half, considering the unobstructed wave as unity. 
Outside the edge, Figure 18, at a distance ab the 
electric intensity is that due to the half of the 
wave, plus such portions of the zones between a and 
b that are uncovered. If an even number of zones is 
uncovered there is approximately a minimum of 
radiation received at the line a, that is, the half 
wave plus the effect of the two zones, 4% + m — mz, 
for the case shown. If a were moved to the right so 
that slightly less than one zone were uncovered there 
would be a maximum, 14 + mi, in which case m, is 
greater than one-half owing to the partial screening 
of the other zones, which, if allowed to operate, 
would reduce the effect due to the-right-hand haif 
of the central zone. For this reason the fringes 
formed outside the shadow may exceed the electric 
intensity of the unobstructed wave. As a is moved 
to the left, more zones are uncovered, and the 
maxima and minima are spaced approximately 
according to the radii of the zones; that is, the 
distances are proportional to the square roots of 
1, 2, 3, ete. : 


Fresnel Integrals 


The preceding discussion is approximate and 
provides a qualitative picture of diffraction phenom- 
ena. The problem will now be formulated quanti- 
tatively by the method of Fresnel. Since the applica- 
tions in view all have to do with diffraction by 
straight edges, slits, etc., the theoretical approach 
will be limited to diffraction of cylindrical waves by 
long edges parallel to the axis of the cylinder. The 
diffraction images of the source will then be bright 
bands also parallel to this axis, and the whole prob- 
lem may be reduced to the consideration of rays in 
a plane perpendicular to the axis. The fact that in 
the applications to be discussed later the illumina- 
tion is due to a point source rather than a line source 
is probably of little importance provided the distance 
from the source to the diffracting edge is sufficiently 
large. 

In Figure 19 is shown a cylindrical wavefront AB 
with its axis at the line source S’ (say an illuminated 
narrow slit). The secondary wavelets from the 
various line elements ds of the wavefront arrive at 
P with different phases, having traveled different 
distances MP. It is desired to find the resultant 
field strength MP due to wavelets from any given 
finite part of the front. 

Let the electric field strength at a point in the 
wavefront be given by the expression 


E = Eysin 2zft , (17) 
where ¢ is the time, f the frequency, and Ep the' 


amplitude of HZ. The phase has been adjusted so as 
to make H = 0 whent = 0. 


Ficure 19. Effect at point P of wavefront AB. 


Consider next the secondary wavelets spreading 
from the front in the direction of P. The field 
intensity at P due to the secondary wavelet emanat- 
ing from the line element ds at the point M (see 
Figure 19) is proportional to ds#» and is inversely 
proportional to the square root of the distance 
MP = d (since this is a cylindrical wave). Further, 
the field intensity must show a phase retardation 
corresponding to the distance d, that is 2rd/y. Hence 
the field strength of the wavelet at P is given by 
an expression of the form 


dE = kEods sin (2aft — = ), (18) 


where k is a factor of proportionality which depends 
to some degree on the angle IPM, and the distance 
d, but which will be considered constant here, as the 
dependence of the phase on d is of much greater 
importance. To obtain the intensity due to wavelets 
emanating from a finite part of the front, equation 
(18) must be integrated over the corresponding 
region of s. For this purpose we need a relation 
between d and s. This is obtained by applying the 
cosine law to the triangle MSP, which gives at once 


d? = (a + b)? + a? — 2a (a + b) cos =, (19) 
or after a simple reduction, using the identity 
Spoon & 
cos (s/2) = il 2 sin Da 


then 5 
d? = b? + 4a (a + b) sin? a: (20) 


For the present purpose it is sufficient to consider 
the case when angle s/a is so small that powers of 
s/a above the square may be neglected in comparison 
with unity. This means that 


ERS 
= Py 
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or again, on writing 
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the phase lag 2rd/\ assumes the form 


Pad = et ce (23) 
Using equations (22) and (23), expanding the sine 
expression of equation (18), it follows that 


dE = fey 1 cos & rt) + sin 2n(s = .) 


- sin(§ ) + cos 2r( 7 - >) dv. (24) 


This expression may now be integrated over a 
certain region of the wavefront, say from v = vo to 
v = v, corresponding to s = s to s = s, giving the 
following expression for the electric field strength 


at P: 
me ip B flo.) sin an = ;} 


— g(v,v0) cos 2r( J — :) | (25) 
where uv 

f(v,v0) = i cos (5 2) dv, (26) 
a g(v,v0) = i! sin e i) dv. (27) 


Equation (25) may be brought into a more con- 
venient form by writing 


_ g(v,0o) 
tan @ = Fone) : (28) 
and R = Vf2(v,v0) + g2(v,00) (29) 


It then follows that equation (26) assumes the form 


TABLE 1. Fresnel integrals. 

v Cc S v C S 
0.00 0.0000 0.0000 2.50 0.4574 0.6192 
0.10 0.0999 0.0005 2.60 0.3889 0.5500 
0.20 0.1999 0.0042 2.70 0.3926 0.4529 
0.30 0.2994 0.0141 2.80 0.4675 0.3915 
0.40 0.3975 0.0334 2.90 0.5624 0.4102 
0.50 0.4923 0.0647 3.00 0.6057 0.4963 
0.60 0.5811 0.1105 3.10 0.5616 0.5818 
0.70 0.6597 0.1721 3.20 0.4663 0.5933 
0.80 0.7230 0.2493 3.30 0.4057 0.5193 
0.90 0.7648 0.3398 3.40 0.4385 0.4297 
1.00 0.7799 0.4383 3.50 0.5326 0.4153 
1.10 0.7648 0.5365 3.60 0.5880 0.4923 
1.20 0.7154 0.6234 3.70 0.5419 0.5750 
1.30 0.6386 0.6863 3.80 0.4481 0.5656 
1.40 0.5431 0.7135 3.90 0.4223 0.4752 
1.50 0.4453 0.6975 4.00 0.4984 0.4205 
1.60 0.3655 0.6389 4.10 0.5737 0.4758 
1.70 0.3238 0.5492 4.20 0.5417 0.5632 
1.80 0.3337 0.4509 4.30 0.4494 0.5540 
1.90 0.3945 0.3734 4.40 0.4383 0.4623 
2.00 0.4883 0.3434 4.50 0.5258 0.4342 
2.10 0.5814 0.3743 4.60 0.5672 0.5162 
2.20 0.6362 0.4556 4.70 0.4914 0.5669 
2.30 0.6268 0.5531 4.80 0.4338 0.4968 
2.40 0.5550 0.6197 4.90 0.5002 0.4351 


aby b 
E=k a+b) EoR sin [2(1 _ 3) - a| . (30) 


For tabulation purposes the quantities f(v,vo) and 
g(v,¥o) are replaced by the Fresnel integrals, defined 


by: 
O() = i cos G *) dv (31) 

and 
SG) = il in (Ee *) ao (32) 

Evidently 

f(v,v0) = Cv) — Cw) , (33) 

and 
g(v,v0) = S(v) — Sv) . (34) 


In the sequel the arguments will be omitted wherever 
it can be done without causing misunderstandings, 
and the above symbols will be written simply as f, 
g, C, and S. 


The Cornu Spiral 


In Figure 20 the two Fresnel integrals are plotted 
against each other, S being the ordinate and C the 
abscissa, for different values of v. The resulting curve 
is known as Cornu’s spiral. The upper positive branch 
(C and S positive) corresponds to points on the 
wavefront above the line. S’P in Figure 19, and the 
lower or negative branch corresponds to the wave- 
front below the line S’P. 

By their definition f and g signify the coordinate 
differences between any two given points on the 
Cornu spiral, and it follows that R, as defined by 
equation (29), represents the corresponding distance 
between these points. 

Differentiating equations (81) and (32) for C and 
S, squaring and adding, it follows that 


(dC)? + (dS)? = (dv)? , (35) 


so that dv is the line element of the spiral, and » 
measures length along the curve from the origin. 

In order to see more in detail how the Cornu 
spiral is built up of contributions from different 
zones we may suppose the half-wave zones on the 
wavefront to be divided into equal areas and the 
contributions of these areas to the field strength 
vectorially combined to obtain the resultant effect 
as in Figure 22. Then as smaller areas are used and 
more zones are summed up the vector diagram 
becomes in the limit the Cornu spiral. This is shown 
in greater detail in Figures 21 and 22. Here the first 
half-period zone of Figure 21 is divided into nine 
parts and the resultant is AB (Figure 22). The 
second half-period gives a resultant BC. The sum 
of the first two half-periods is AC. The sum of all 
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Fieure 20. Cornu spiral. 


half-periods is AZ, which is thus the resultant effect 
at P of the upper half of the wavefront. A similar 
result is obtained for the lower half. 

It may be remarked that the superiority of the 
dimensionless variable » over s shows itself in the 
fact that one Cornu spiral suffices for all situations 
of the diffracting edge, while the use of s would have 
necessitated the construction of a special spiral for 
each specific set of values, a, b, and X. In Figure 20 
the values v = 1 and v = 2 are marked and corres- 
pond to path differences A = d/4 and A=), 
respectively. 

Equation (30) shows that the electric field strength 
in the diffraction region which is due to a certain 
section of the wavefront is proportional to the 
corresponding value of R. Hence, it follows that the 
power per unit area is proportional to R*. Let W 
denote peak power per unit area at the point P for 
a certain arbitrary value of R. Then 


W=K-:- RF, (36) 


where K is a certain constant. When the whole wave 
is acting, the integration limits extend from v = 
— otov = + @, that is, along the full length of 
the Cornu spiral. The coordinate difference between 
the foci of the spiral being (1,1) (see Figure 20) it 
follows that their distance is R = +/2, so that the 
corresponding peak power per unit area Wo is, by 
equatiori (36), Wo = 2K which defines K as 4Wo. 


Hence it follows that equation (36) may also be 
written as 


Ls 
Were. (37) 


Straight Edge Diffraction 


Using Cornu’s spiral the diffraction pattern due to 
a straight edge may be obtained. In Figure 23 is 
shown a diffracting edge at Mo. At P the upper 
half of the wave is effective, and on Figure 22 the 
amplitude is AZ of length 1/+/2. The square of this 
is one-half, which by equation (37) is multiplied by 
¥% to get for the power intensity at the edge of 
the shadow. The electric field intensity is }, 

Consider next a point such as P’ at a distance x 
above P (see Figure 23). To be specific, the point 


Figure 21. Division of wavefront into half-period zones. 
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Figure 22. Vector sum of subzone contributions. 


P’ is chosen in the direction of SM, of Figure 23, 
where M, is the upper edge of the first half-wave- 
length zone. The illumination at the point P’ is, 
firstly, due to all wavelets emanating from the half 
wavefront above P’S. In addition, there is the 
contribution from the lower half of the wavefront 
extending from M, to Mo. The situation is, in fact, 
the same as if P’ were brought down to P and the 
diffracting edge were lowered from My to M’ (see 
Figure 24). The resultant amplitude F is represented 
on Figure 25 by ZB. Starting at the point P at the 
edge of the shadow (Figure 23) where the amplitude 
is AZ, if the point is moved upward, the tail of the 
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Ficure 23. Diffraction at shadow line. 


amplitude vector moves to the left along the spiral 
while its head is fixed at Z. 
The amplitude goes through a maximum at b’, a 


Ficure 24. Diffraction in illuminated region. 


Figure 25. Method of using the Cornu spiral. 
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minimum at c’, etc., approaching a value ZZ’ for 
the unobstructed wave. Moving in the other direc- 
tion, into the shadow, the vector moves to the right 
from A, decreasing steadily to zero. 

The power intensity versus,v is plotted in Figure 
26, and the points B, C, D, etc., corresponding to 
those in Figure 25 represent the exposure of 1, 2, 3, 
etc., half-period zones below Mo. The maxima and 
minima occur a little before these points are reached. 
This curve may be plotted from the table of Fresnel 
integrals with the equations 


Fo20RLG, 
7=OR Ss; (38) 
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where 2? is the relative power intensity compared to 
the unobstructed wave. The relative electric inten- 


sity is Pog? 
Wu (ee j (39) 
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Figure 26. Relative power intensity—straight edge 
diffraction. 


Equation (39) is plotted in Figure 27. The portion 
of the curve for —v has been drawn to the right and 
is to be used with the right-hand ordinate. 
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FicureE 27. Relative electric intensity—straight edge 
diffraction. 


The phase lag ¢ due to diffraction may be deter- 
mined from the angular position of the vector R in 
Figure 25. In the illuminated region the phase lag 
oscillates about the reference value, Z’Z, and is 
given by x 

Se 19. 

A tan ei 
At the shadow line the relative value is the same as 
Z'Z. In the shadow region the phase lag varies 
continuously along a parabolic curve and is given by 
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Ficur£ 28. Phase lag—straight edge diffraction. 
vet 
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The phase lag relative to that of the shadow line 
is plotted in Figure 28. The portion of the curve 
for —v is drawn to the right, and its ordinate, on 
the right, has a different scale from that used with 
the +» portion of the curve. 


Location of Maxima and Minima 


When the source is close to the diffracting edge, 
the positions of the maxima and minima in the 
illuminated region may be determined by the follow- 
ing analysis. The effect of the wave RM (Figure 29) 
at P’ may be considered to be due to the upper half 
of the wave (above FR), which is unaffected by the 
edge, and the lower half of the wave (below R), 
which is partly shielded by the edge. If RM contains 
an even number of half-period elements the inténsity 
at P’ is a minimum. If the number of half-period 
elements is odd the intensity is a maximum. That is 


MF’ — RP =, 
where n is an integer with values 1, 8, 5, etc., for 
maxima, and 2, 4, 6, etc., for minima. The difference 
MP’ — RP’ is a constant, and the locus of the 
point P’ is a hyperbola having M and S for loci. 


(40) 


Ficure 29. Path differences at a straight edge. 
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That is, 

SP’ — MP’ = SR — (MP’ — RP’), (41) 
and SR is constant; therefore, the difference of the 
distances of P’ from the fixed points S and M is 


constant. P’ describes a hyperbola, but its curva- 
ture is so small that it almost coincides with its 


asymptotes. 
The distance x to a maximum or minimum may 


be computed as follows 
i 2 j 
SP! = @+o[i+—e| . 
Since z is small compared to a + 6 


2 
SP =atb+ soy 


also 


Therefore from equations (40) and (41): 


ri hablar ass i ati er (eran LO RC 
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hence 


= (ear (43) 
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where n is odd for maxima and even for minima. 
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Figure 30. Rectangular slit. 


The Rectangular Slit 


A problem similar to the straight edge is the 
rectangular slit (see Figure 30). Cornu’s spiral will 
be used to determine the field intensity along the 
plane PP’. With the slit in the central position, the 
only radiation at the plane is due to the wavefront 
in the interval As = MN. Equation (81) is used to 
determine what length Av corresponds to As. The 


resultant field strength at P is given by the chord 


of the spiral which has a length Av. Since the point 
of observation P is centrally located, this chord will 
be centered on the spiral. Thus, if Av = 0.5 the 
chord (see Figure 20) will extend from approximately 


0) 


Ficure 31. The Cornu spiral applied to obstacles and slits. 
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C = —0.25 to C = +0.25. The resultant R = 0.5 
substituted in equation (37) gives a power intensity 
of % relative to the unobstructed wave and a field 
strength of 0.353. 

The field intensity at P’ is due to the same length 
Av but taken over a different portion of the spiral. 
For this purpose, it is desired to use distances along 
the plane PP’, x, instead of s (Figure 30). 

pe ee eo (44) 


a 2a 


Thus the portion of the spiral nO in Figure 31 from 
v = 0.9 tov = 1.4 has an average value of v = 1.15 
which multiplied by the radical term of equation (44) 
gives x. The chord connecting these points is 0.43, 
and the relative power intensity is 0.092. This same 
result may be computed from the table of Fresnel 
integrals by obtaining the values of AC and AS for 
v = 0.9 and » = 1.4. The sum of the squares of AC 
and AS is R®. Typical patterns for slits of several 
widths are shown in Figure 32. It will be noted that 
there is little radiation outside the slit. 


Diffraction by a Narrow Obstacle 


The effect of a narrow object with parallel sides 
may be determined with the Cornu spiral. In the 
ease of the slit only a fixed length slid along the 
spiral is effective, the remainder being shielded by 
the edges of the slit. With an obstacle, however, a 
fixed length slid along the spiral represents the 
ineffective portion. If the obstacle is of such size 
that it covers an interval Av = 0.5 on the spiral, 
Figure 31, the segment Av may be located as JK. 
The radiation at the point considered will be due 
to the two parts of the spiral Z’ to J and K to Z. 
The resultant amplitude is obtained by adding the 
two vectors Z’J and KZ. The sum is RF for a point 
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Ficure 32. Diffraction patterns of slits. 
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Ficure 33. Diffraction of narrow obstacles. 


midway between J and K. The head of the vector 
is always in the direction Z along the spiral. Typical 
patterns for narrow obstacles are shown in Figure 33. 


Multiple Slits and Obstacles 


Slits or obstacles with parallel sides may be treated 
by means of the Cornu spiral and the resultant sum 
of the vectors obtained. Thus, with two slits of a 
width such that Av = 0.5 and spaced so that Av =0.5 
may be located on the spiral as JK and lm in 
Figure 31. The total R is the vector sum of R and 
Rk”. The field strength pattern is then obtained by 
sliding the two lengths along the spiral holding their 
spacing fixed. 

In similar fashion two narrow obstacles would 
cause two absent sections such as JK and Im and 
three open sections Z’J, Kl, and mZ. The three 
vectors, obtained by joining these three latter pairs 
of points, are combined to give the resultant ampli- 
tude R. 


Limitations of Fresnel’s Theory 


Neither Huyghens’ principle nor Fresnel’s theory, 
on which the above treatment is based, is rigorous, 
and their limitations must be kept in mind when 
making applications to radio and radar problems. 

In the development of the theory no mention was 
made of the effect of the shape and composition of 
the edge. Actually within a region of about one 
wavelength around the edge the wavefront is 
affected by the presence of the edge. In Figure 34 
the region of the edge disturbance is DE, and first 
half period of the wave front is DF. The first half 
turn of the Cornu spiral is due to DF. The position 
of F depends on the point considered. When DE is 
an appreciable part of DF, the simple Fresnel theory 
should not be depended upon. This occurs when the 
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Figure 34. Edge effects. 


field point is at Q, lying at a large angle of diffraction, 
or at R, close to the edge. 

Near the diffracting edge, a certain amount of re- 
flection occurs, especially near R. This reflection is 
divergent and decreases rapidly in intensity as one 
recedes from the edge. When the edge is blunt or 
has a large radius of curvature, the amount reflected 
is increased and the field is affected over a greater 
distance. Since the angle is near grazing, the nature 
of the reflecting surface is not important. If Fresnel’s 
theory is applied to spheres and cylinders, the results 
may be only approximate. 

When the edge and the electric vector are parallel, 
the theory gives good results. When the electric vec- 
tor is perpendicular to the edge, the field strength in 
the shadow region may be several times larger than 
that obtained with the electric vector parallel, and 
the theory should then be used only for small angles 
of diffraction. : 

Other discrepancies are due to ignoring the ob- 
liquity factor and the effect of the inclination of the 
wavelets with respect to each other, The theory does 
not give the correct phase angle for the diffracted 
wave. 

The same objections may be raised for apertures 
and obstacles whose dimensions are of the order of 
a wavelength. 

It should be noted that 

1. Fresnel’s theory is valid when the wavelength is 
small compared to the dimensions of the diffracting 
object (as in optics). 

2. Fresnel’s theory should not be used: 

a. For large angles of diffraction. 

b. Close to the diffracting edge. 

c. For apertures or obstacles of the order of a 
wavelength. 

d. When the diffracting edge is not parallel to 
the direction of polarization of the wave. 

In spite of these shortcomings the theory is useful 
because it provides simple solutions for the majority 
of the diffraction problems encountered in the field, 
and, considering the difficult nature of the general 
problem, it is still the most manageable treatment 
that has been developed. 


PERMANENT ECHOES 
Introduction 


Permanent echoes are due to reflection from terrain 
features such as mountains, islands, or even smooth 
surfaces near the antenna (ground clutter). Nearby 
hills and surfaces produce strong echoes which 
obscure the indicator and widen the main pulse so 
that the minimum range of detection is increased. 
More important are the distant hills, especially those 
in the operating sector which obscure areas of tactical 
importance. Permanent echoes are a prime considera- 
tion in siting, as many otherwise excellent sites are 
rendered worthless by excessive fixed echoes. A care- 
ful analysis of the terrain will enable an approximate 
prediction of such echoes. In this section is presented 
a systematic method of preparing: permanent echo 
predictions so that the suitability of sites may be 
determined without actual field tests. 

Several factors combine to make permanent echoes 
more troublesome than might be expected on first 
thought. 

1. Hills and land surfaces are so much greater in 
extent than the target which the equipment is 
designed to detect, that strong echoes may be 
obtained from distances where an ordinary target 
would give an echo far below normal detection levels. 

2. The low elevation of the land surfaces places 
them in regions most subject to nonstandard propa- 
gation effects where extreme ranges and large 
responses are frequently obtained. 

3. Side lobes of the horizontal pattern of the 
antenna cause permanent echoes to appear at several 
other azimuths in addition to that of the main lobe. 
Although the signal intensity of the side lobes is 
much reduced, the echoes may still be strong enough 
to obscure targets. 

4. Strong permanent echoes causing considerable 
trouble may be obtained from distant mountains in 
the rear as a result of back radiation. Again, the 
weakness of the radiation and distance of the moun- 
tains are often compensated for by the large extent 
of the reflecting surface. 

5. Antennas with wide beams cause permanent 
echoes to be much wider than the object that 
produces them. 

6. Diffraction over intervening ridges is often 
sufficient to nullify their screening action so that 
objects behind the ridge are visible. 


Permanent Echo Diagrams 


The permanent echoes associated with a radar 
station may be plotted on a chart and their extent, 
location, and strength represented. Permanent echo 
diagrams should be prepared for each unit of a radar 
system using a standard procedure for the taking 
and presentation of data. These diagrams are very 
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useful for: 

1. Indicating blind areas in a station’s coverage. 

2. Assigning the operating area of a station. 

3. Checking the range and azimuth accuracy. 

4. Checking the transmitter output and receiver 
sensitivity. 

5. Estimating nonstandard propagation. 

6. Planning test flights. 

While methods used in different theaters vary as 
to detail, the typical permanent echo diagram is 
prepared about as follows. The equipment should 
be in normal operating condition: that is, the trans- 
mitter output and receiver sensitivity should be as 
recommended by the instruction manual; the range 
and azimuth calibrations should be accurate; and 
the weather conditions that affect propagation should 
be average. The receiver gain should be set to some 
standard level, usually maximum, or to some definite 
noise height. The value of the data taken will depend 
to a considerable extent on the skill and judgment 


of the operator. The station would normally be taken 
out of operation for about an hour while data are 
taken, although it is possible to take observations 
during normal scanning by stopping momentarily. 
Where antenna switching is provided, the low-angle, 
long-distanee beam should receive the most atten- 
tion although the other combinations should be 
checked also. 

If the beam is highly directive and can be changed 
in elevation, a low angle such as would be used for 
distant search should be used for recording perma- 
nent echoes. In some situations several elevations 
should be used. On plan position indicator [PPI] 
scopes it may be more convenient to photograph the 
screen if proper equipment is available. Care should 
be taken not to confuse storm and fog echoes with 
permanent echoes on microwave sets. 

A more detailed procedure is required where A- 
scope presentation is used. After the initial adjust- 
ments have been made the next step is to decide on 
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Figure 35. Permanent echo diagram. 
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the intervals in azimuth at which readings are to 
be made. The definition of the echoes will depend 
in part upon the beam width so that the narrow 
beam radars should be checked at closer azimuth 
intervals. Readings may be taken at intervals of 10° 
or 5° or even less depending upon the detail desired; 
in general an interval of about a fourth of the beam 
angle is sufficient. Permanent echo readings should 
be taken through 360° regardless of the sweep sector 
used, so that back and side echoes may be investi- 
gated also. 

At each azimuth the range of all permanent echoes 
is recorded from zero out to the extreme range. The 
width of the main pulse and local ground echoes 
should be noted as well. Echoes one mile or less in 
width are recorded by a single reading at the center 
of the echo. Wider echoes are recorded by two read- 
ings, one at the left of the echo where the trace leaves 
the baseline and a second at the right where the 
trace returns. Adjacent echoes less than 1 mile apart 
are recorded as a single echo. Where the separation 
is greater, care should be taken not to lump echoes 
together. 

For most purposes variations in amplitude may 
be disregarded. Amplitude is, “however, sometimes 
recorded for a few azimuths of special interest such 
as those used for test flights or in tactically important 
regions. 

To plot the data an overlay of a regional aero- 
nautical map or other chart with a scale of 1 to 
1,000,000 may be made showing some of the signif- 
icant features as coastlines, islands, and cities. On 
this should be drawn radial azimuth lines every 10 
degrees and range circles every 10 miles. The data 
are then marked on the chart as short lines, and 
these lines are connectéd as indicated by inspection. 
The enclosed areas may then be shaded lightly. If 
it is desired to represent amplitudes, a few equal 
amplitude contours may be shown within an echo 
area. More detail may be shown by plotting ampli- 
tude versus range on a rectangular graph for each 
azimuth. 

The completed permanent echo diagram should 
be compared with a topographical map to check the 
degree of shielding obtained and the range and 
azimuth accuracy of the equipment and back and 
side lobe radiation effects. Care must be exercised 
‘in identifying the cause of an echo, as distant echoes 
may come in on the second or third sweep on the 
scope after the main pulse. 

In Figure 35 is shown a permanent echo diagram 
which was selected for purposes of illustration rather 
than as an example of a good site. A few miles from 
the coast is an extensive range of mountains which 
are poorly shielded to the north. The large echo at 
200° is due to a mountainous island 260 miles away. 


Use of Permanent Echoes in Testing 


Permanent echoes are useful for tuning the equip- 


ment, estimating the output and sensitivity, and 
checking the range and azimuth accuracy. While 
such observations may be used as an overall test 
of performance, care should be used in selecting the 
test echo and in interpreting the indications. 

Careful tests have shown that, even though 
equipment performance is closely controlled, the 
strength of permanent echoes varies over a consider- 
able range. It is noted further that indications from 
aircraft also vary, but there is little correlation with 
the changes in permanent echoes. Other tests show 
that, as the performance of the set is reduced, the 
maximum range for small targets is reduced at a 
much faster rate than for large targets. Thus a 
reduction of receiver sensitivity may cause weak 
achoes to disappear .entirely without a noticeable 
effect on strong permanent echoes. 

Permanent echoes vary for the following reasons: 

1. Atmospheric changes affect both the direct and 


reflected rays. This may be due to a change in the 


amount of refraction from standard or in the degree 
of trapping. Under some conditions marked absorp- 
tion may occur. The changes may occur slowly or 
fluctuate erratically, being most marked in connec- 
tion with microwaves. 

2. If the reflecting surface is the ocean, variation 
of the reflected ray may occur if the tide changes 


or the roughness of the surface becomes excessive. 

3. Frequency variations will affect the echo from 
complex reflectors such as rugged terrain. Peaks 
which are separated in distance such that the returns 
from a single pulse overlap are said to be frequency 
sensitive. In the overlap portion the echo strength 
will depend upon the relative phase of the two 
returns. Thus if the pulse width is 10 usec the wave 
train will be about 2 miles long. If there are peaks 
at 10 miles and 1014 miles their echoes will appear 
as follows on an A scope: 


10 to 1014 miles near peak echo only 


1014 to 12 miles combined echo of both peaks 
12 to 1214 miles far peak echo only 


The combined portion of the echo may have a height 
from zero to twice that of the individual echoes and 
usually fluctuates rapidly as the frequency drifts. A 
change of a half wavelength in the separation of the 
peaks will change the combined echo from maximum 
to minimum. This means that a frequency stability 
of the order of one part in a million is required for 
a steady combined echo. 

Permanent echoes used for testing should therefore 
be (1) nearby but distinct from ground clutter and 
other echoes, (2) separated from the transmitter by 
rough nonreflecting land, (3) a single distinct target 
such as a steel tower, (4) weak in response, that is, 
comparable to that of a distant aircraft. 

The range of echoes which come in on the second 
or third pulse may be estimated by adding one or 
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two times the length of the range scale to the 
observed range plus an allowance for the return 
trace time, usually several miles. To determine by 
test which sweep an echo is associated with, the 
pulse repetition rate should be changed, and the 
shift in range of the echo observed. Thus if the range 
scale is 200 miles long and the pulse rate is reduced 
10 per cent, then a target at 250 miles which had 
been appearing at 48 miles would shift to an indi- 
cated range of 23 miles and could thus be distin- 
guished from a 48-mile target that would shift to 
43.2 miles. j 

Frequency-sensitive permanent echoes are not 
suitable for checking range accuracy. The frequency 
changes from maximum to minimum return are 
usually too small to be detected on a frequency 
meter, so that frequency-sensitive echoes are recog- 
nized chiefly by their unsteady appearance. 

Azimuths may be determined to best accuracy 
by “‘beam splitting.” This consists in turning the 
antenna slightly to one side of the maximum until 
the signal decreases to a predetermined level. The 
antenna is then turned past the maximum until the 
same level is reached and the two azimuths are 
averaged. When checking azimuth accuracy the 
possibility of horizontal diffraction due to a nearby 
hill should be considered. 


Shielding 

The principal device for control of fixed echoes is 
shielding. This means that the antenna is to be sited 
in such a way that distant hills are screened by a 
local obstruction. A local echo at say 3 miles, is 
combined with the main pulse or ground return, 
and the distant echo is weakened or eliminated 
entirely. In operating regions the loss of coverage 
may be more serious than the permanent echo, so 
shielding should be used with caution. 

Rear areas which are not scanned should be well 
shielded so that back and side echoes do not interfere 
with targets in important tactical regions. Operation 
over such shielded sectors would be limited to high 
targets. 


Construction of artificial shields made of poultry 
netting has been suggested in some cases, where the 


back radiation and side lobes were relatively strong. 
The very large size of such structures ordinarily 
renders them impractical. Most of the antennas 
using parabolas have a small back radiation, and 
permanent echo problems are much simpler. 

In special cases it may be desirable to eliminate 
a particular echo from some obstacle without using 
‘shielding. This may be done by constructing a target 
of sheet metal on the side of the obstacle, spaced so 
that the target echo and obstacle echo are about 
'180° out of phase. This requires accurate alignment 
of the target (so that it is normal to the radiation to 
within 5° or less) and close control of the frequency. 


It is also necessary that the area be adjusted so that 
the response of the target and obstacle are equal. 


Prediction of Permanent Echoes 


Permanent echoes may be determined by several] 
methods: 


1. Tests with the radar at the site. 
2. Profile method. 

3. Radar planning device [RPD]. 
4. Supersonic method. 


The feasibility of moving the radar to the site to 
determine the permanent echoes is dependent on 
portability, accessibility, etc. Echoes obtained with 
one type of equipment may be very different from 
those from another type of radar with different 
directivity, frequency, and range. 

The profile method, which will be described in 
detail below, involves a study of topographical maps 
and plotting the echoes according to their visibility 
and the amount of diffraction. A fairly difficult site 
may be handled in perhaps 8 man-hours. This method 
is adapted to long-range, low-frequency radars where 
diffraction and side and back lobe radiation are 
important. On microwave equipment fixed echo 
prediction is simpler and the profile method may be 
worked out in a few hours. 

The RPD technique requires construction of a 
relief model of the terrain considered. A small light 
source is used to simulate the radar and the echoes 
are plotted as a result of a study of thé areas illu- 
minated. This method is adapted for short ranges 
and microwaves where the diffraction and side and 
back lobe radiation are small. Construction of a 
fairly dificult model may take a crew of men several 
days to a week, as a model should be accurate. 
Once completed, all possible sites or aspects from a 
plane or ship may be readily examined. Models of 
enemy areas may be used to predict the coverage 
of possible enemy sites, and evasive action may be 
planned. The RPD is well suited for training and 
briefing of air personnel. Kits are provided contain- 
ing the light source, supports, etc. Darkroom facilities 
are required, and special processing of films is used 
to secure more realistic pictures. 

The supersonic method requires a model made of 
sand, glass beads, etc., to be used under water. Such 
models are much easier to construct than the RPD 
type. Supersonic gear is used to send out pulses 
which are reflected like radar pulses and the echo 
is picked up and presented on a PPI scope. Photos 
may be taken of the scope picture, and the method 
may also be used for training and briefing. Special 
equipment is required, but the models may be made 
easily and the presentation is obtained direct on the 
PPI scope without further processing. This method 
is well adapted for training, as flight, changes in 
altitude, etc., may be simulated readily by movement 
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of the sonar head. 

In general the profile method should be used on 
long waves or on microwaves where only a few sites 
are being considered. It is well adapted for the 
estimation of nonstandard atmospheric effects. For 
air- or ship-borne radar the RPD or supersonic 
methods are convenient because of the large number 
of aspects involved. It may be noted that the latter 
two methods should not be considered more exact 
than the profile method, as the principle of similitude 
does not apply unless all elements including the 
wavelength are changed in proportion. The principal 
difficulty is to secure a source which has the same 
radiation characteristics as the antenna system. 


Prediction by Profile Method 


The profile method will be described in detail. The 
discussion will refer chiefly to VHF radars in a 
mountainous terrain, but the methods have general 
application. The principal requirements are topo- 
graphic maps of the surrounding area with a scale 
of 1 or 2 miles to the inch and a contour interval 
of 20 ft, although intervals up to 100 ft may be 
used. Maps with a scale of about 20 miles to the 
inch are needed for checking distant echoes. Regional 
aeronautical maps, with a scale of about 1 inch to 
16 miles and 1,000-ft contours, are suitable as the 
height of prominent peaks is indicated. 

From the maps, profiles are prepared for various 
azimuths about the radar station. The first mile or 
so should be plotted accurately, and at greater 
distances the critical points such as hills and breaks 
should receive the most attention. A convenient 
scale is 2 miles to the inch for range and 500 ft to 
the inch for elevation. The distances to which the 
profile should be plotted is a matter of judgment, 
but it should be extended to perhaps 20 miles, or 
further if there is doubt. 

On each profile is drawn the tangent line from the 
center of the antenna to the point on the profile 
which determines the shielding, as in Figure 36. 
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Figure 36. Typical profile. (Note:.Y in degrees). 
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This is the line-of-sight curve; it is drawn for each 
azimuth, and the vertical angle 7 is marked on the 
profile. If the angle is below the horizontal it is 
negative, and caution must be used on high sites 
not to exceed the limiting shielding angle of the 
radar horizon. This is given by the expression 


y = —0.0108 V/ 2h , (45) 
where vy is the angle ‘between the effective horizon 
and the horizontal at the antenna in degrees and hy 
is the height of the center of the antenna in feet. 

The line of sight is actually curved, as explained 
in the section on visibility problems, but for ranges 
up to 10 miles the error in using a straight line is 
small. For longer distances the dip QX as computed 
from equation (5) should be considered. More con- 
venient for this purpose are the curves of the line 
of sight for various angles which are calculated from 
Figure 37. Standard refraction is taken into account 
by use of % a instead of a for the earth’s radius, 
5a = 1.33 X 3,960 = 5,280, 


d (46) 
he — hy = 5,280d tan y + 9 


with h; and he in feet and d in miles. Above 10°, or 
where the shielding is distant, equation (8) should 
be used. 
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Figure 37. Line-of-sight geometry. 


These curves are plotted in Figures 38 and 39, and 
their use is illustrated in Figure 36. The center of 
the antenna is at 200-ft elevation, and the height 
of the shielding ridge 4 miles away is 400 ft. For a 
200-ft rise in 4 miles the angle is found from Figure 
38 to be 0.5 degree. This curve can then be used to 
determine the height of the shielded region at other 
ranges. Thus the range at which the shielded region 
is 4,000 ft high for the case considered is found from 
Figure 39 by using he — h; = 4,000 — 200 = 3,800 
ft for height and the 14-degree curve, giving 53 miles. 

It is desirable to be able to estimate diffraction 
effects in a simple fashion suited to the approximate 
nature of this kind of work. As shown in Section 
15.4.8 the field intensity varies in a rather compli- 
cated manner with the diffracting angle 0, and the 
distance of the shield d; [Figure 7 and equation (10) ]. 
In Figure 40 is plotted the relative field intensity 
compared to that obtained without a shield for 
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Fiaure 38. Line-of-sight curves. Ficure 39. Line-of-sight curves. 
shields at several distances. This graph is intended 
for 200 me but may be used on other frequencies by 
changing d; in proportion to the change in X. It 
enables one to make an estimate of the effectiveness 
of a shield. Thus if a shield is 1 mile away it may be 
neglected for values of 6, in excess of +3°. Likewise 


objects below —3° in the shadow region would give 
weak echoes in most cases. For intermediate angles 
the relative intensity may be read from the curve. 
For shields closer than 0.1 mile the methods dis- 
cussed on pages 84-86 should be employed. 
Figure 15 shows that the relative intensity of a 
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Ficure 40. Diffraction over a ridge. (200 me) (For other frequencies change d, in proportion to the change in wavelength.) 
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diffracted wave is virtually constant for a given 
angle when the distance from the edge is large. 
Equation (22) may then be written in the form 


v= — (47) 


where @, is in radians (1 radian = 57.3°) measured 
from the geometrical shadow line (Figure 7) and 
d; is in the same units as \. This equation is approxi- 
mate, and the error is of the order of a/b. 

Where the shield consists of several ridges close 
together, an equivalent shield is used instead of 
successive shields. The height and distance of the 
equivalent shield is found by constructing a triangle 
between the radar and the reflecting object which 
encloses the shielding ridges. The apex of this triangle 
is then treated as though it were the diffracting 
edge. In Figure 41 H and d;, are the quantities to 
be used in equations (10) and (47). 

The general procedure.to be followed in preparing 
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Figure 41. The equivalent shield. 


a prediction of permanent echoes will now be out- 
lined. By examining a topographical sheet the azi- 
muths are determined at which profiles should be 
prepared. This will normally be about every 10 
degrees. Where the shielding is obviously good the 
interval may be 20 degrees, but where the terrain 
is questionable such as a region of low hills the 
profiles should be taken at 5-degree intervals. The 
profiles are prepared and the angle of the line of 
sight determined as described above. 

The next step is to make an overlay of a map of 
scale 1 to 1,000,000. The principal features as coast- 
line, towns, and rivers are sketched in to aid in 
reading the completed chart. On this is drawn a 
polar coordinate system with azimuths marked every 
10 degrees and range circles every 10 miles out to 
the full range of the indicator. 

On the overlay are now drawn the coverage 
contour lines. These lines represent the limits of 
the heights of the shielded regions. Targets or 
mountains below these coverage contours will not 
be visible except by diffraction, and targets above 
the contours are in line of sight and receive direct 
radiation. For each azimuth and the corresponding 
angle of sight (Figure 36) the ranges are plotted for 
various contour heights as 1,000, 5,000, 10,000, and 
15,000 feet. Where these coverage contour lines are 
close together the shielding is good but the coverage 
is poor; where the lines are widely separated, the 


shielding is weak, and toward the sea there is no 
shielding except by the horizon. 

With the coverage contour diagram superimposed 
on a map, the peaks exposed to radiation may be 
noted. The extent of the echoes due to these peaks 
depends on the horizontal radiation pattern and 
pulse width. The horizontal beam width is only a 
very rough measure of the width of an echo, and 
some other angle usually between the half-power 
points and the nulls will determine the echo width. 
The angle may be estimated by considering the range 
and size of the peak. The extension of the echo in 
range will be at least as great as the pulse width in 
miles, which as it appears on the indicator is about 
0.1 mile per psec. Actual echoes are usually much 
wider than this, as all of the exposed hill sends back 
an echo. 

The echoes are then sketched in, based on inspec- 
tion of the profiles. The plotter’s judgment is a very 
important factor, but the following rules may be 
used as a guide. 

1. Shade in a circle for the main pulse several 
miles wide, depending on the pulse width and local 
return. 

2. Consider each profile in turn and for each peak 
or hillside in front of the shielding plot an echo on 
the main and all sidelobes. 

3. A series of sharp hills within the shielding 
region should be plotted as a single echo rather than 
a number of echoes. 

4. The inner edge of an echo should be at the same 
range as the hill, and its extension depends on the 
slope of the hill and the pulse width, which may be 
several miles with some sets. 

5. In case of doubt plot the echo. 

6. Peaks beyond the shield may be in the diffrac- 
tion region and the relative intensity of the radiation 
at these peaks will then be obtained from Figure 40 
as described above. 

7. If the mountain is large enough to intercept 
several lobes, the interference effects may be ignored. 
The echo strength may be estimated roughly as 
proportional to the cross-sectional area of the moun- 
tain, the relative intensity of the radiation from 
Figure 40, and the inverse square of the distance. 
For side and back lobes an additional factor is 
required. 

8. The 1 to 1,000,000 scale map should be carefully 
checked to make sure that no peaks are missed in 
between the azimuth vonsidered or at extreme ranges. 

In the above method much is left to the judgment 
of the plotter but it will be found that with experience 
a reasonably good estimate of permanent echoes may 
be made from a map. 

Example 8.,Profile Method. A detailed example of 
a difficult site will be worked out, and comparison 
will be made with the actual recorded echoes. The 
site selected is that of Figure 35. The characteristics 
of the SCR-270B radar-are given in Table 2. 
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TABLE 2. Type SCR-270B. Characteristics of antenna 
pattern. 


Horizontal pol. Vertical pol. 


Half-power beam angle 26° 6.5° 
First null angle 40° 14° 
Secondary lobe angle 45° ae seed 
Secondary null angle 90° 

Secondary lobe angle 5% 

Back radiation 4% 


Other characteristics of this set are as féllows: 


Pulse width 30 usec = 3 miles 


Nominal range 150 miles 
Sweep sector 185° to 290° 
Elevation: center of antenna 387 ft 


From these data may be calculated the relative 
echo strengths of mountains at various distances 
and the relative side and back echoes. A reference 


SS 
Zs 


SCALE 1:1,000,000- 
CONTOUR INTERVAL 1000 FEET 


value of 1.0 is taken for the main echo from a typical: 
mountain 100 miles distant, and the relative intensity 
from Figure 40 is taken equal to 1.0. It is estimated 
that all echoes whose strength compared to the 
reference value is over 0.25 will be strong enough to 
obscure targets. Thus the back echo of a mountain 
10 miles away in a diffraction region where the 
relative strength is 0.5 would have an echo value 
of (100/10)? K 0.5 x 0.04 = 2.0 and should be 
plotted since it exceeds 0.25. 

A table may be constructed for the main, side, 
and back lobes (M, S, B) for various distances and 
degrees of diffraction to show which echoes should 
be plotted. Table 3 is such a table, corresponding to 
a reference strength equal to 0.25. This table will 
apply only for the conditions of this example. 


In Figure 42 is shown a topographical map of the 


Fiaure 42. Topographical map for Example 8. 
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TasLe 3. Prediction of permanent echoes.* 


Relative intensities from Figure 40. 
Distance 
inmiles 1.18 1.00 0.75 0.50 0.25 0.10 0.03 
1 MSB MSB MSB MSB MSB MSB MSB 
10 MSB MSB MSB MSB MSB MSB M 
20 MSB MSB MSB MSB MSB M M 


50 M M M M M M 
100 M M M M M 
200 M M 


*This table will apply only fox the conditions of Example 8. 


area. Contours are drawn for the first few thousand 
feet, and prominent peaks are indicated. From topo- 
graphical sheets of a 20-ft interval and a scale of 
2 in. to the mile the profiles of Figures 43 and 44 
are obtained. From the center of the antenna to the 
“effective” shielding, the line of sight has been drawn 
and the angle of the line of sight noted. In some cases, 
as at 20 degrees (Figure 43) a near sharp ridge is not 
considered an effective shield because of the large 
diffraction around such obstacles. The map is 
inspected between the azimuths used and the hori- 
zontal limit of shielding of a ridge noted. Thus the 
shielding ridge on 120 degrees (Figure 44) is found 
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Fieure 43. Profiles for Example 8. 


to drop off at 138 degrees. From the curves of 
Figures 38 and 39 are read the ranges for hz — hy = 
1,000, 5,000, 10,000, and 15,000 ft for the line-of- 
sight angles at various azimuths. These points are 
plotted on Figure 42; they are connected by heavy 
dashed lines and are the coverage contcurs. 

In Figure 45 are plotted the predicted echoes. It 
will be noted that the shielding to the east is very 
good and most of the mountains are not visible. To 
the north the numerous mountains are unshielded 
and give rise to many echoes which extend into the 
search sector to the west. The islands are inherently 
bad and cannot be shielded without drastic loss of 
coverage. In some cases, as along azimuth 345°, 
ridges which cause large echoes shield more distant 
ridges. The broken terrain in this region is taken to 
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Ficure 44. Profiles for Example 8. 


give one large echo rather than a number of small 
echoes. In most cases the simple rules for plotting 
echoes may be applied directly. 

Where diffraction is involved the procedure should 
be more detailed. In Figure 43 azimuth 20° will be 
examined to determine the visibility of the hill at 
4.65 miles. The following data are obtained from 
the profile. 


h, = 387 ft; d’; — d’. = 1.45 miles 
hy = 550 ft; d’, = 3.20 miles 
H = 425 ft; dy = 4.65 miles 
From equation (8): 
hie 4.65 X 550 — 3.20. 387 i 4.65 X 3.20 
a 4.65 — 3.20 2 


= 917.2.ft . 
From equation (10): 


425 — 917.2 


fa = 5980 K 4.65 


X 57.3 = —1.15°. 


From Figure 40 the intensity is found to be 15 
per cent. At the very short range of this hill a strong 
echo would be expected at this intensity, and all 
lobes would be plotted. 

At 138.5° azimuth and 160 miles is a 10,000-ft 
mountain (not shown in any figure). The data for 
this case are: 

hy = 387 ft; d’; — d’, = 0.27 miles 
he = 380 ft; d', = 160 miles approximately 
H = 10,000 ft; d’, = 160 miles approximately 


j — 160. x 380 — 160 x 387 , 160 x 160 
ay 0.27 2 
= 16,950 ft. 

jy c= SU ea < 57.3 = —0.472°. 


5,280 X 160 


From Figure 40 the relative intensity is 43 per 
cent. A main lobe echo is plotted on the second sweep 
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Ficure 45. Predicted permanent echoes. (Example 8.) 


at 10 miles since the first sweep is only 150 miles. 

In Figure 35 is shown a large echo at 110 miles 
from 175 to 242 degrees. This is received only when 
there is trapping, and the size of this echo indicates 
the unusual weather conditions at the time the data 
were taken. This echo is due to 2 mountainous island 
260 miles away and about 5,000 ft high. There is 
no shielding except from the curvature of the earth. 
The relative intensity compared to the free space 
intensity computed from the formulas for the dif- 
fractive region (not given here) is 0.5 per cent: This 
echo would not ordinarily be plotted in spite of the 
large area of the mountain side. 

In correlating the predicted and actual fixed echo 
diagrams, Figures 45 and 35 respectively, it will be 
noted that the degree of success achieved depends 
on the effort expended. Numerous small echoes were 
not predicted, but these are unimportant from an 
operating standpoint. “‘Permanent’’ echoes vary over 
wide limits with changes in weather conditions and 


efficiency of the equipment so that only a fair 
agreement should be expected in their predictions. 


Microwave Permanent Echoes 


With microwave equipment a simple analysis of 
the terrain is generally sufficient. The beam may 
be treated virtually as a searchlight, as the back 
radiation and diffraction effects are small. Trapping 
is likely to be severe and in some regions it is the 
controlling factor. Sea or land clutters are important 
and the extent of such echoes may be estimated 
from equation (16). 

Microwave sets because of. their narrow beam- 
width, high resolution, and PPI presentation are 
well adapted to navigational uses. Coastlines may 
be readily identified, and ships near land may 
accurately determine their position. Over land it is 
frequently difficult to correlate a PPI picture with 
a map. In many cases it may be very desirable to 
be able to locate terrain features accurately. 
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The presence of some distinctive echo is of great 
assistance in orientation of the picture, but scope 
distortions and the nature of the echoes cause much 
confusion. It is therefore desirable to be able to 
correct the distortions and to be able to prepare a 
radar map which shows the terrain features likely 
to contribute to the observed pattern. 

The PPI distortions are due to the beamwidth, 
range marker errors, and nonlinear sweep. The 
width of the beam causes objects to appear wider 
than they are, as discussed in preceding sections. 
The range marker errors may be determined by 
calibration with a precision-type calibrator. By 
preparing a cardboard scale to line up with the range 
pips the correct ranges of echoes may be obtained. 
Because the sweep usually takes about 15 usec to 
attain a steady speed the pattern is displaced inward 
with respect to the map. This may be compensated 
in part by adjusting the centering control so that 
at least one of the range markers is moved out 
radially to its true range. The pattern will then 
show a central hole, and the first half mile will be 
displaced from its true position, but the pattern 
as a whole will be more accurate. 

For construction of the radar map it is desirable 
to have topographic sheets of a scale of 1 to 20,000 
which show modern structures. Aerial photographs 
are also useful. Map matching is done by adjusting 
the sweep length and centering controls with major 
changes in scale made photographically. To eliminate 
detail of little interest it is desirable to ink in only 
those contours which correspond to equal increments 
of radar range based on the curved surface of the 
earth. That is, the retraced contour intervals should 
form a sequence of squared numbers (1, 4, 9, 16, 
25 - - - n®), for example, 20, 80, 180, 320, and 500 ft. 
The amount of distortion to introduce into the radar 
map is obtained from the range correction scale and 
the shift of the PPI center. For each azimuth 
considered the map is shifted to compensate for 
the centering error, and the corrected range scale 
is used to lay off distance. 


THE CALCULATION 
OF VERTICAL COVERAGE 


Introduction a 


The computation of vertical coverage diagrams in 
the optical region consists essentially of adding two 
vectors, the contributions of the direct and reflected 
waves, which have been modified by earth curva- 
ture, antenna directivity, etc. The actual computa- 
tion of the contours of constant field strength tends 
to be laborious because of the implicit nature of the 
parameters. The problem may be formulated in a 
rigorous, general manner, but the solution is likely 
to be unwieldy. 

For field purposes where high accuracy is not 
required, a method of computing vertical lobe 


patterns is desired that is direct, does not require 
excessive calculations, provides a simple physical 
interpretation of terrain effects, and is flexible. The 
methods presented here are designed to meet these 
requirements, and the computer may readily accom- 
modate the labor of calculations to the required 
accuracy and the complexity of the problem. 

The path difference of the direct and reflected 
rays, the distance of the reflection point, and the 
vertical angle are functions of each other, while the 
reflection coefficient, the divergence factor, and other 
factors depend on the vertical angle. It is therefore 
desirable to examine the problem in a general way 
to determine what simplifications may be introduced. 

With microwaves the reflecting surface must be 
quite smooth to be effective. Thus by equation (16) 
for the S band and an angle of 1 degree the roughness 
must be less than 15 in. if the reflection is to be of 
much assistance. The rolling character of sea waves 
makes a substantial variation in signal strength so 
that the reliable range is only slightly greater than 
that of the direct wave alone. Also highly directive 
antennas are commonly used with microwave radars. 
These factors reduce the magnitude of the interfer- 
ence effects. The fineness of the structure of a micro- 
wave pattern and the relatively weak reflection 
effects commonly encountered therefore render it a 
useful approximation to deal with the direct wave 
pattern only for most purposes. 

Fire control and searchlight radars normally 
operate at high angles so that they also are mainly 
concerned with the direct wave. The GCE and other 
low-sited radars have their reflection areas within a 
mile of the antenna so that earth curvature may be 
ignored, which means a considerable simplification. 
The case which requires the most careful considera- 
tion is early warning, VHF, high-sited radar which 
is dependent on the reflected wave for much of its 
performance. A careful analysis of all factors involved 
is therefore usually required. Prepared diagrams for 
various heights and wavelengths must be considered 
carefully before being used, as local terrain features 
may radically alter the lobe pattern. 

The accuracy and detail desired and the type of 
site influence the amount of calculation involved. 
With a low-sited VHF radar only a few lobes are 
formed so that the shape and location of the lobes 
‘is of interest. With a high-sited VHF radar the lobes 
are numerous and the gaps are small so that there 
is little likelihood of losing a target in a null area or 
of being able to associate an echo with a particular 
lobe. In this case the envelope of the lobes is of 
particular interest. 

The high-power microwave radars are best suited 
for vital areas with high traffic density. However, 
for most purposes the basic long-range, early warning 
radars used by the ground forces operate in the VHF 
band. They are normally sited high, that is several 
hundred feet and up, in order to secure low lobe 
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Ficure 46. Vertical lobe diagram. 


angles and numerous lobes. The need for good rein- 
forcement and tactical considerations lead to the 
use of the sea as a reflecting surface where feasible. 
‘The general high-sited radar problem will be ana- 
lyzed in detail, and the use of approximate, simplified 
methods of calculation will be described where 
applicable. 


The Vertical Coverage Diagram 


The object of test flights and field intensity 
calculations is the construction of the vertical cover- 
age diagram. A typical diagram for a long-range, 
early warning, VHF radar is shown in Figure 46. 
'The contours or lobes on this diagram represent the 
locus of all points in space along a particular azimuth 
where an incoming plane of standard type, usually 
a twin engine medium bomber, will produce a mini- 
mum detectable signal. A minimum detectable signal 
is ordinarily taken to be one that has a signal-to-noise 
ratio of unity. This may also be expressed in other 
terms such as field intensity or voltage at the 
receiver terminals. For other types of planes, or a 
number of planes, or different aspects of the same 
plane, the lobe pattern has a different size. 

It will be noted that the vertical scale is nearly 
10 times as great as the horizontal scale, causing a 
marked distortion in angles and crowding of angles 
above 10 degrees. The lines of constant altitude are 
parabolas, owing to the curvature of the earth. Their 
shape is given by the equation 
d? - 5,280 

Pig 
Here y = the ordinate measured from the horizontal 
line through zero; 


GS (48) 


h = the height of the curve at zero range, in 
feet; 

distance along the earth in miles; 

radius of the earth in miles; 

ka = equivalent earth radius. 


aa 
ll 


TO DISTANT TARGET 


Ficure 47. Flat earth ray diagram. 


For standard conditions k is taken as %. At 40° 
latitude the radius of the earth is 3,960 miles. Sub- 
stituting in equation (48) gives the convenient 
relation: 

d? 


- (49) 


y=h 
with y and h in feet, and d in miles. 

Thus in Figure 46 a medium bomber coming in 
at 5,000 ft would first be detected at 108 miles, the 
signal would increase in strength, reaching a maxi- 
mum around 96 miles, and then decrease and be lost 
at 84 miles. In the null region between 84 and 77 
miles there would be no detection. Similar regions 
of detection and nulls would be encountered as the 
plane came in closer. The nulls do not come into 
the origin when the direct and reflected rays are 
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unequal. This gap filling is secured at the price of 
shorter lobes. Above 3 degrees the lobes cannot be 
distinguished from the nulls. 

Only lobes due to the main free space lobe of the 
antenna pattern are ordinarily plotted, as targets 
higher than about 10 degrees are of little interest 
to an early warning radar. Because most detection 
occurs at angles under 2 or 3 degrees, no distinction 
will be made between slant range and horizontal 
range. 

The calculation of the coverage diagram will be 
approached in successive steps. The first step will 
consist of calculation of the angular position of the 
lobe maxima and minima. This will be done in three 
different degrees of approximation corresponding to 
different situations encountered in practice. The next 
step is the calculation of the length and shape of 
the lobes themselves, which is given in a later section. 


Flat Earth Lobe Angle Calculations 


When the reflection point is so close that earth 
curvature may be ignored, the rays may be drawn 
as in Figure 47. The transmitter 7’ has the center 
of the antenna at height hi above the horizontal 
reflecting surface. The antenna is assumed to have 
horizontal polarization; that is, the dipoles are 
parallel to the reflecting plane and perpendicular 
to the direet ray rg. The target height is he. Both hi 
and he are several wavelengths or more, and rq is so 
large that the field at the target falls off as i/ra. 
The image of the antenna is at 7’ at a distance hy 
below the reflector. The length of the ray from 
T’ isr. 

The coefficient of reflection is p, and the phase lag 
at reflection is ¢. The electric field strength due to 
the combined direct and reflected waves (ra ~ r) 
may be written as 


BH = * Ji + p+ 2p cos @ + 8)" (50) 


where 6 an = phase lag due to the path differ- 


ence, . 

A = r — rq = path difference of the direct 
and reflected rays, 

E, = the field strength at unit distance. 


For horizontal polarization and small angles p is 
unity and ¢ is 180 degrees and equation (50) reduces 
to 


E= on od 6, 
r 2 
_ 2B, 7A 
= 7 tS) NG (51) 


In the construction of a vertical coverage diagram 
it is important to be able to draw the lines of constant 
path difference. Of special interest are the lines of 


maxima in the center of the lobes and the lines of 
minima or nulls. These lines correspond to 

A = 7 — ra = constant . (52) 
For the case of a flat earth these lines are by defini- 
tion confocal hyperbolae with 7 and 7” as foci and 
A as the major axis. This is shown in Figure 48 for 
a target at short range. In a typical case 6 will be 
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Figure 48. Constant path difference hyperbola. 
positive and approximately equal to y. From 

geometry 
4h? — A? 
(eo One 4h, sin B © (53) 


When rz is very large compared with h; the angle 
¥ is equal to 8, and the denominator of equation (53) 
is practically zero, giving 


sin y & = 5 (54) 
1 


2 
Using equation (51) with the (rA)/A = 7/2, the 
lobe maxima are given by 


d 


N= 7 3 , (55) 
where n = 1, 3,5 --- . Minima are given by values 
of n = 0, 2,4,6,---. 

Substituting in equation (54) 

é md 

sin y = Tihs (56) 
or to a sufficient approximation 

nX 
ASS ah, . (57) 


Here y:= the angle of elevation of the target referred 
to the horizontal at the ground below the 
antenna, in radians; 

nm = number of half-wavelengths difference 
between the direct and indirect paths. 
n = 1, 3, 5, etce., for maxima of lobe 
number 1, 2, 3, --- (n + 1)/2 counting 
from the reflector up. n = 0, 2, 4, 6, etc., 
for minima of null numbers 1, 2, 3, 4, 
--- (n + 2)/2; 

hy = the height of the center of the antenna 
above the reflector; 

\ = wavelength; 

with hf; and ) in the same units. 
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From Figure 47 it follows that d,, the distance to 
the reflection point, is given by 


hy 


d, = 
' tan w’ 


or taking tan YW = sin VW = + (which may be done 

‘provided d; is small enough compared to dz and large 

compared to h;) and substituting in equation (57), 
_ 4h? 


d, = ANE (58) 


Here di, hi, and \ must be expressed in the same units’ 

For high sites and distant targets the angle + 
becomes smaller, and the approximation involved 
in equations (57) and (58) requiring d; to be small 
compared to dz becomes worse. In Table 4 are listed 
the minimum values that n\ may have for an error 
of 1 per cent or less in equation (57) at different 
antenna heights. Also is given the minimum value 


TasLeE 4. One per cent error in ‘Y. 


hy,.ft Minimum 7° Minimum 7), ft 
400 1.5 43 
200 ail 15 
100 0.8 6 
50 0.6 2 
15 0.3 0.3 


of y corresponding to nA. Thus equation (57) when 
used on a 100-ft site at 100 mec (A = 9.84 ft) will 
give values which are in error by less than 1 per cent 
for all lobes and for angles above 0.8 degree. If the 
100-ft site operated at 1,000 mc (A = 0.98 ft) the 
minimum value of » would be 6 corresponding to 
the fourth null. The error in y is always positive 
and increases rapidly with antenna height, and at 
a height of 1,000 ft and a frequency of 100 me the 
formula is incorrect for all angles of interest. At 
distances such that the earth curvature drop is 
comparable to h;, equation (57) does not even give 
the correct order ‘of magnitude for y. 


Examples 9 and 10. Flat Earth Lobe Angle Compu- 
tations. Lobe angles for two cases will be computed, 
Example 9, a 200-me set at 15 ft and Example 10, 
a 500-mce set at 50 ft. 


Example 9 Example 10 
A= oo X 3.28 = 4.92 ft x = 1.97 ft 
For n = 1 (first lobe) 
Y= SS X573=47° 7 = 0.564° 
dy -“ = 183 ft d, = 5,080 ft 


In practice some of the lobes listed for Example 9 
may be absent because of nulls in the antenna 
pattern. The angle listed for the first lobe of Example 
10 is slightly over 1 per cent too large. 


TaBLE 5. Lobe angle and distance to reflection point. 


Example 9 Example 10 
n Y, degrees dj,ft ¥,degrees dh, ft 
1 (lobe 1) 4.7 183.0 0.56 5080 
2 (null 2) 9.4 91.5 1.13 2540 
3 (lobe 2) 14.1 61.0 1.69 1693 
4 (null 3) 18.8 45.7 2.26 1270 
5 (lobe 3) 23.5 36.6 2.82 1016 


Lobe Angles Corrected 
for Standard Earth Curvature 


Equation (57) may be modified to include the 
effect of earth curvature approximately and to give 
the lobe angles for the majority of sites with accept- 
able accuracy. 

For antennas several hundred or more feet high, 
d, as given by equation (58) may be large enough 
so that the earth curvature drop is appreciable. 
In Figure 49 is shown a transmitter of height hi 
above the horizontal plane GH. The radius of the 
standard earth is ka. At D, the center of the reflection 
area for the lobe considered, is drawn a tangent 
plane CDE, which intersects hi at a distance h’, 
below the center of the antenna and which will be 
considered the equivalent antenna height. This then 
is the part of h; which determines the angle 7’ 
which the lobe center line CL makes with the tangent 
plane CDE. Subtracting from y’ the angle @ which 
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Figure 49. Lobe angles corrected for earth curvature. 


the tangent plane CDE makes with the horizontal 

at the base of the antenna GH, the lobe angle y 

referred to the horizontal at the antenna is obtained. 
From equation (49) it follows that 

d;? 

= -=> 59 

hi =h—S. (59) 

Here hy’ and h, are expressed in feet, d, in miles, and 

k is assumed to be 4%. 
This height hi’ is the portion of h; that is effective 
in connection with the plane CDE and when substi- 


tuted in equation (57) gives the angle 7’. 
ee mr _ md 
~ Aas 2\ ° 
7 a(n ~ =) 


2 


(60) 
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Since the earth’s radius ka is perpendicular to GH and 
CDE, the tangent angle is 6. It is always negative; 


a ta | 
a akha. haeO? et) 
, A ae 
y=7+0= di 5,280 ° (62) 
4(m — 


n is an add integer for lobe maxima and an even 
integer for lobe minima, -hi in feet, d; in miles. 

The value of d; to substitute in equation (62) 
must also satisfy equation (58). A convenient method 
of solving these equations is to plot a curve of 
equation (59) and also of equation (58) in the form 


ee ACE 
~ -5,280did * 


Corresponding values of hi’ and d, for the desired 
value of m are then substituted in equation (62). 

While equation (62) is subject to the same sort 
of limitation as equation (57), it will be noted that, 
in the region of greatest interest, that is, small 
angles, hy’ is itself small, and this tends to compen- 
sate the error. The modifications introduced permit 
the use of the simple plane earth formulas, since for 
a particular angle the tangent plane is taken as the 
reflection surface. 

The angle y given by equation (62) is the trans- 
formed angle to be used in constructing the vertical 
coverage diagram based on a modified earth radius 
of ka = 5,280 miles. If the true angle is desired, the 
true earth radius a = 3,960 miles must be used in 
equation (62) instead of 5,280 miles. 


n (63) 
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Fieure 50. Equivalent height graph. 


Examples 11 and 12. Lobe Angles Corrected for 
Earth Curvature. Lobe angles will be computed by 
this method for two radar sites. 


Example 11 


In 


= 500 ft 


f = 200 mc 
From equation (59) 


hy! 


dy 
= 500 — 
2 


TaBLE 6. Lobe angles for radar. (Example 11.) 


Example 12 
hy = 3,000 ft 
f = 100 me 
2 
hy’ = 3,000 — Gig 
2 


Equation (60) Equation (61) Equation (57) 

¥rom Figures ; A dh Equation (62) m 

50 and 51. Y 1.23 hy’ ) 5,280 yY=7 +0 Y ane 

n hy’ d; radians radians radians degrees radians 

0 0 31.6 0 — .005983 —.005983 —0°20'22”” 0 

I 341.5 17.8 -003602 — .003372 +.000230 +0° 0/47” .00246 

2 414.0 13.1 005943 —.002481 .003462 0°11/54”” .00492 

3 448.0 10.2 .008238 —.001932 -006306 0°21/39”” 00739 

4 464.6 8.4 .010592 —.001591 009001 0°30'56’’ 00985 
5 475.5 7.0 .01294 — .001326 01161 0°39/54"" .0123 
6 481.4 6.1 .01532 —.001155 .01417 0°48/43”” .0148 
7 486.0 5.3 01772 —.001004 01672 0°67/29/" 0172 
8 489.0 4.7 -02011 —.000890 .01922 1° 6’ 4” .0197 
9 491.6 4.1 .02252 —.000776 .02174 1°14’45/” 0221 
10 493.2 3.7 .02493 — .000701 02423 1°23/19/” 0246 
ll 494.6 3.3 02734 —.000625 02672 1°31/55”” 0271 
12 495.5 3.0 02978 —.000568 02921 1°40/26’” 0295 
13 496.1 2.8 .03222 — .000530 03169 1°48/58” .0320 
14 496.6 2.6 .03468 —.000492 .03419 1°57'33”” 0345 
15 497.1 2.4 .03720 —.000454 03675 2° 6/23” .0369 
16 497.4 2.3 -03955 —.000436 03911 2°14'30” 0394 
Wee 497.6 2.2 -0420 —.000417 0416 2°23! 2!’ 0418 
18 497.8 21 0445 — .000398 0441 2°31/44”” 0444 
19 498.0 2.0 0469 —.000379 0465 2°39/54”" 0468 
20 498.2 1.9 .0494 —.000360 .0490 2°48/30"" 0492 
21 498.4 1.8 .0518 —.000341 .0515 2°57’ 8” 0517 
22 498.6 1.7 .0542 —.000322 .0539 3° 5/22/" 0541 
23 498.8 1.6 .0567 —.000303 .0564 3°14’ 0” 0567 
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TasBLe 7. Lobe angles for radar. (Example 12.) 


Equation (60) Equation (61) Equation (57) 
From Figures : i dh Equation (62) i 
50 and 51 Y' = 2.46 hi 5,280 Y=7 +80 cy, ah, 
n hy’ dy radians radians radians degrees radians 
0 0 77.4 0 —.01466 —.01466 —0°50/24” 0 
1 930 64.3 .002645 —.01218 — .00954 —0°32’49’". .00082 
2, 1245 59.2 .003952 —.01121 —.00726 —0°25’ 0” -00164 
3 1458 55.5 005063 —.01051 —.00545 —0°18/44” 00246 
4 1638 52.2 .006007 —.00989 —.00388 —0°13'20” 00328 
5 1788 49.2 .006880 — .00932 —.00244 —0° 8/22” .00410 
6 1910 46.7 .007730 —.00885 —.00112 —0° 3/52” .00492 
7 2013 44.4 .008550 —.00841 +.00014 +0° 0/29” .00574 
8 2108 42.4 009335 —.00803 -00130 0° 4/28” 00656 
9 2195 40.6 -01018 —.00769 -00249 0° 8/33” 00738 
10 2246 38.8 .01095 —.00735 .00360 0°12'22” .00820 
11 2308 37.2 01173 —.00705 .00468 0° 16’ 6” 00902 
12 2359 35.8 01251 —.00678 .00573 0° 19’41” .00984 
13 2408 34.4 01328 —.00651 .00677 0° 23/16” .01066 
14 2452 33.1 .01404 —.00627 .00777 0°26/44”” 01148 
15 2488 32.0 01484 —.00606 .00878 0°30'10”” 01230 
16 2525 30.8 .01558 —.00583 .00975 0°33/31”” 01312 
17 2559 29.7 .01635 — .00562 01073 0°36’50’” 01394 
18 2588 28.7 .01712 —.00544 .01168 0°40’ 8” .01476 
19 2623 27.8 .01782 —.00526 .01256 0°43’10” 01558 
20 2638 26.9 .01866 —.00509 .01357 0°46/40” .01640 
21 2662 26.0 .01940 —.00492 01448 0°49/48”” .01722 
22 2685 25.1 02030 —.00475 .01555 0°53/26’” 01804 
23 2702 24.4 .02093 — .00462 .01631 0°56’ 4” .01860 


Reading values of h;’ and d; from Figure 50 and sub- 
stituting in the above equations, curves of n and d 
are plotted in Figure 51. From these two curves 
may be read the values of hy’ and d; corresponding 
to integral values of n. The calculation of y’ and @ 
from equations (60) aud (61) are conveniently per- 
formed by arranging columns as shown in Tables 
6 and 7. 

For purposes of comparison with equation (62) 
the last column gives values of y computed by means 
of equation (57). In Table 6 the error in the figures 
computed from equation (57) is seen to be consider- 
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Ficure 51. Reflection area graph. 


ably below n = 10; for higher values of n the two 
formulas tend to show fair agreement. In Table 7 
the disagreement is marked even at n = 23 indicat- 
ing that equation (57) is unsuitable for high sites. 

The lobe angles are shown in Figures 52 and 53. 
The lines of constant altitude over the modified 
earth are plotted from equation (49). The lobe 
angles are constructed by drawing radial lines from 
the center of the antenna, while the height in feet 
at a given distance is obtained by multiplying y 
(in radians) by 5,280 times this distance in miles. 
The lines have not been drawn close in because of 
the crowding and because they actually start near 
the origin rather than at the center of the antenna. 

The error in the position of the center lines of the 
lobes near theantenna is a limitation on this method; 
but this occurs in a region which, because of gap 
filling, has no nulls and is therefore of little concern. 
Another difficulty is that the lower lobes dre actually 
curved instead of straight; but as long as the site is 
not too high, say under 100 ft (100 mc), thé curva- 
ture is small and unimportant. In general the method 
of equation (62) gives reasonably correct lobe angles 
for most high sites and with a moderate amount of 
computation. This is the first step in the preparation 
of the coverage diagram. Later sections will discuss 
construction of lobes about these center lines. 

These equations are plotted in Figure 50. From 
equation (63): 


12 , 
ey) n = 0.000077 22" | 


"= 5,280 X 4.92 X dy’ dy 
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For very high sites (over 1,000 ft) and frequencies 
over 200 me. it is desirable to have a more accurate 
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f = 200 mc 
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Ficure 52. Lobe angles for Example 11. 


The General Lobe Angle Formula 


Figure 53. Lobe angles for Example 12. 
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expression for the locus of constant path difference 
than is afforded by straight lines. This is of especial 


DISTANCE IN MILES 


DEGREES 


interest in the first few lobes as these determine the 
low coverage which is of great tactical importance. 
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The method described here overcomes the limitations 
of equation (62) and may be used for the highest sites. 

In Figure 54 is shown the antenna above a curved 
reflecting surface whose radius is taken as % of the 
earth’s radius to allow for atmospheric refraction. 
The tangent plane CH makes an angle @ with the 
horizontal at the antenna, and @ is given by — (di/ka) 
as shown in Figure 49. 


h, = height of the center of the antenna above 
the earth’s surface, in feet. 
hy’ = equivalent height of the antenna, in feet 
— equation (59). 3 
ra = distance from the antenna to the target, ir 
miles. 
A = distance from the antenna to the reflection 
point, in miles. 
B = distance from the reflection point to the 
target, in miles. 
A = path difference, A + B — ra, in miles. 

d = wavelength, in feet. 

6 = angle between the tangent plane CE and the 
horizontal at the antenna, in radians. This 
angle is always negative. 

ka = radius of the modified earth, 5,280 miles. 

Wz = angle between the direct ray ra and the 
horizontal plane CZ, in radians. 

W = angle between the reflected ray A or B and 
the horizontal plane CZ, in radians. 

n = number of half-wavelengths path difference. 

In the triangle A Bra (cosine law) 
ra = WA? + B? + 2AB cos 2v. (64) 
From the definition of path difference: 
A=AtB-nesyrag ee (65) 


A+ B—A = V/A? + B? + 2AB cos QV ; 


squaring and dropping terms that cancel out gives 
2AB — 2AB cos 2¥ — 2BA = 2AA — A’, 


or solving with respect to B, 
AA — 3A? 


= : 66 
EG Seas) Ss ) 
Substituting 
mr 
ae 2 X 5,280’ 
into equation (66) gives 
Ds ail J ( md ) 
10,560 2 \10,560 : 
B= (67) 
mr 
A(1 — cos 2v) = 10,560 


Several approximations will be introduced to 
simplify equation (67): 

A will be taken to equal d; since W is of the order 
of 3° or less. 

From Figure 54 it follows that sin = h,’/5,280A, 
or for small angles, ¥Y = hy! /5,280A. 

‘Substituting for hi’ [equation (59)] it follows that 


Ni ede 
oS Rn (68) 


Using the approximation 
cos 2Y = 1 — 2v?. 


and neglecting 4(n\/10,560) compared to A, equa- 
tion (67) becomes 


—— 
10,560 
By gua ak ee (69) 


2d, v2 — _™ 
10,560 


From the law of sines 


sin2¥  sin(¥ + Wa) _ sin (YW — Wa) 
FG B 7 A ¥ 


B sin 2 


sin (YW + Wz) = a 


rq 


TO TARGET 


MODIFIED 
EARTH SURFACE 


Fiaure 54. Reflection point geometry. 
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When Y and W, are small 


¥+% = Foy, 
d 


and 
Yowo 2 ou, 
Ta 
and hence by subtraction 
ee ae 


Ta 


Since W is a small quantity rg may be taken to equal 
A + B,and A = d,, that is 

_ BS th 
1 B+ a 

This is the angle of the target with respect to the 
tangent plane CH as seen from the antenna. The 
angle. desired however is y, which is measured with 
respect to the horizontal at the antenna, GH. As 
shown in Figure 54 

y¥=Wa+t 0.: 


From equation (61) 


v, Vv. (70) 


~ REED ° 


The line of minimum path difference (A = 0) is 
along the earth’s surface from the transmitter to 
the horizon, and beyond it is along the line of sight 
tangential to the horizon since the direct and indirect 
waves are equal in that case. Maximum path differ- 
ence occurs directly below the antenna and is equal 
to 2h;. Since the path difference is also n\/2, the 
maximum value of 7 is 4h;/X. In practice the vertical 
directivity of the antenna limits n to a much smaller 
value. 

Consider a wave which is reflected from directly 
under the antenna, and let hy denote the height 
above the reflector at which the path difference is 
n\/2. Then 


(7) 


Ta + ho — (hs — hy) = =, 


or 
md 
4 . 

Thus if \ is 10 ft the center of the first lobe will be 
2.5 ft high at zero range. For most purposes the lobes 
and nulls may therefore be considered to start at 
the origin. 

To use this method it is best to arrange the calcu- 
lations in a tabular form. Points along the lobe center 
are selected by using various values of d, for the 
value of n desired. Next W is obtained from equation 


ho a 


(71) 


‘(68) and substituted in equation (69), and B and 


W are substituted in equation (70) yielding Ya, which 
is combined with 0 to obtain y. The curve of constant 
path difference is then plotted from y and ra, which 
are now known. 

Example 13. The General Lobe Angle Formula. To 
illustrate this method a radar 3,000 ft high and 
operating at 100 me will be used. A trial value of 
60 miles is arbitrarily selected for d, and substituted 
in equation (68), giving 


3,000 — 3 X (60)? 


v= 5,280 X 60 = 0.003788 radian . 
In equation (69) using n = 1 and d = 9.84 ft, 
1 X 9.84. 
10,560 SOD d 
B= TSO. = 70.85 miles . 
Dy ea 
2 X 60(0.003788) 10,560 
70.85 — 60 : 
Wa = 70.85 + 60 x 0.003788 = 0.000314 radian . 
60 ‘ 
¢= — 5,280 7 — 0.01136 radian . 


y = 0.000314 — 0.01136 = —0.01105 radian . 
60 + 70.85 = 130.85 miles . 


ll 


Ta 


Laying out the angle y from the antenna and 
marking off the distance ra gives one point on the 
curve of constant path difference. Enough other 
points are computed to enable one to draw a smooth 
curve. The computations may be arranged as shown 


TasLE 8, General lobe angle formula. (Example 13.) 


dh, vy, B, 
miles radians miles 
(m = 1) 65 .002800 696.0 
62 .003290 141.2 
60 003788 70.85 
58 .004300 44.60 
55 .005118 26.32 
50 -006628 13.45 
30 .016090 1.91 
(n = 2) 60 .003788 36 
58 -004300 386.0 
56 -004840 137.5 
55 .005118 101.0 
53 -005700 62.6 
50 .006628 36.78 
30 .016090 4.09 


radians 


.0023220 
0012810 
.0003140 

—.0005618 

—.0018050 

—.0038380 

—.0141600 


0031770 
-0020390 
-0015090 
0004733 
—.0010115 
—.0122300 


Wa, =) =, Td, 
radians radians miles 
.0123105 .00999 ‘761.0 
.0117456 .01046 203.2 
.0113636 .01105 130.85 
.0109850 .01155 102.60 
.0104166 .01222 81.32 
.0094698 .01331 63.45 
-0056820 .01984 31.91 
.0113636 36 bo 
-0109850 .007808 440.0 
.0106060 .008567 193.5 
-0104166 .008908 156.0 
-0100381 .009565 115.6 
.0094698 .010480 86.78 
.0056820 .017910 34.09 
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Fieure 55. Lobe and null lines. (Example 13.)_ 


in Table 8. The values selected for d; should be 
small enough so that the denominator of equation 
(69) is positive. 

These two curves are plotted in Figure 55. For 
comparison is shown the first lobe as computed from 
equation (62), and it can be seen that this equation 
may lead to appreciable error in estimating low 
coverage. For most’*purposes it will suffice to calcu- 
late lobes higher than the first one or two by means 
of equation (62). 


The Calcutation of Lobes 


Three methods of computing lobe angles were 
given corresponding to low, medium, and high sites, 
in order to relate the labor of the computations to 
the complexity of the problem. A similar procedure 
will be followed in the calculation of the lobe shapes. 

The lobe diagram represents the locus of all points 
along a particular azimuth of a definite field intensity, 
usually the threshold of detection. If the site has 
horizontal symmetry throughout its sector of opera- 
tion one diagram will suffice. Usually several dia- 
grams are required, and it is common practice to 


prepare a diagram for the central azimuth of the — 


sector and for 10 degrees inside of each limit of scan. 


Low Site Lobes 


The electric field intensity at the target is the 
resultant of the direct and reflected waves which 
have the same amplitude and a phase angle which 
varies continually as the lobe angle y is increased. 
For a perfect reflector and horizontal polarization 
the phase lag is equal to +2 + (2m/d) X (nd/2) 
which adds up to na + 7. Odd integral values of 
n give lobe maxima, and intermediate values give 
other points on the lobes. 


The sum of the two vectors practically parallel 
and of equal magnitude, F,/d, is 


E= ae cos [om + 1) 5| ; (72) 


where £; is the electric intensity (microvolts per 
meter) in the equatorial plane 1 mile from the 
antenna in free space, that is, without a reflecting 
surface. H is the electric intensity at the point 
eonsideredl in microvolts per meter. d is the distance 
to the point, in miles. m is a number related to the 
angle of elevation. It is an odd integer for lobe 
maximums and dn even integer for nulls. For a 
given antenna and radar the electric intensity H 
will produce at the input of the receiver a voltage, 


V2 = "1 sin (90°n) , (73) 
where k, is a proportionality factor for the voltage 
applied to the receiver input. If V2 is set equal to 
the minimum operating voltage of the receiver 


equation (73) becomes 


d= Leal sin (90°n) . 
Vain 
The term k,F,/V,,, is usually obtained from test 
flights on the particular radar or on radars of the 


same type. The usual form is 
d = dmax sin (90°n) , (74) 


where d,z,x stands for ki#,/V,, and is a measure 
of the performance of the radar set. 

The lobes will be polar sinusoids and the minima 
will go to zero only when the amplitude of the direct 
and indirect waves are equal. These conditions will 
not obtain if the vertical directivity of the antenna 
affects the rays unequally, if the reflected wave 
suffers imperfect reflection or divergence, or the 
atmosphere or terrain has unequal effects on the — 
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Fiaure 56. Low site lobes. (Example 14 ) 


two waves. Low sites are generally free from the 
above effects and equation (74) may be used with 
acceptable accuracy. 


Example 14. Low Site Lobes. A radar operating on 
200 me is 25 ft high and has a maximum range of 
60 miles. The lobes occur at 2.82°, 8.46°, and 14.1° 
and the nulls at 0°, 5.64°, 11.28°. The method of 


plotting a lobe is shown in Figure 56. n may be 
divided into as many parts as desired, and the 
corresponding range for each obtained from equa- 
tion (74). Thus at » = 0.7 the angle is 


0.7 X 4.92 
4 X 25 
d = 60 sin (90° X 0.7) = 53.46 miles. 


= 0.0344 radian , 
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A line is drawn at this angle, and a point is marked 
off. at a range of 53.46 miles. 


Lobe Diagrams of Medium Height Sites 


In dealing with radars at medium heights, say 
from 100 to 1,000 ft, a more involved treatment is 
required, owing to earth curvature effects. The 
procedure followed in this section is to compute a 
value of dma; for each lobe from which a sinusoid 
is constructed at the angle of the lobe. The envelope 
of the lobes is considered to be of principal interest, 
the lobe shape being of secondary importance. 

The strength of a wave is measured in miles, that 
is, the distance at which the standard target must 
be to give a standard signal response such as a 
signal-to-noise ratio of one. The distances corres- 
ponding to the direct and reflected waves are added 
to get lobe maxima and subtracted to get minima. 
The direct and reflected waves will therefore be 
computed separately. The phase shift due to reflec- 
tion will be taken as 180°, and the phase shift due 
to other causes than path difference will be considered 
negligible. This assumption greatly simplifies calcu- 
lations and is a good approximation for small angles 
and horizontal polarization. For vertical polariza- 
tion, especially. in the VHF band, it is a poor 
approximation. 

The direct wave is affected only by the modified 
antenna pattern. The reflected wave is affected by: 

1. Shoreline diffraction. 

2. The modified antenna pattern. 

3. Earth curvature. 

4. Coefficient of reflection. 

5. Divergence. 

Terrain effects such as reflection areas of limited 
extent, the shoreline, cliff edges, and obstacles involve 
diffraction. A simple, flexible method for solving such 
problems will be developed in the next section. 


Shoreline Diffraction 


Unfortunately sites of sufficient height are 
frequently some distance inland, and a considerable 
portion of the reflection surface is on land. The 
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poor reflecting qualities of land, especially when 
rough, cause. the high angle lobes due to nearby 
reflection to be reduced as much as 50 per cent in 
length. This is a common cause of poor high coverage 


‘so often experienced in field installations and the 
inability to detect high-level bombing attacks except: 


at perhaps 10-mile ranges. In this section will be 
developed a method of computing the vertical 
coverage pattern for the typical high site with part _ 
land and part sea reflecting surfaces. 

In most cases the profile of the land between the 
transmitter and the shore will be found to be too 
rough for coherent reflection, as may be determined 
from equation (16). If substantial regular areas or 
obstacles occur between the antenna and the shore 
line they should be treated as described in the ser 
tion on the modified antenna pattern on page 115: 


Sea Reflection 
with Diffuse Land Reflection 


The problem treated in this section will be that 
shown in Figure 57. The land in the foreground is 
so rough as to cause only diffuse reflection, and no 
regular areas exist which will affect the vertical 
pattern below 15°. 

The diffuse reflection from the land area has a 
random phase relation, and the field intensity in a: 
particular direction is relatively small. The effect of 
the land reflection on the interference pattern is 
therefore neglected. This is equivalent to termination 
of the reflecting surface at the shore line. 

in order to describe diffraction at a shore line a 
system of Fresnel zones for each lobe is considered 
to be formed on the sea with the reflection point of 
the lobe as their center. The zones will be ellipses 
because of the inclination of the rays. The influence 
of the shore line will be determined by the number 
of zones which are not interfered with by the shore. 

Thus a low angle lobe which has its central Fresnel 
zone far out to sea would be virtually unaffected by 
the limited reflection area, as numerous zones are 
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Ficure 57. Fresnel zones on land and sea areas. 
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Fiaure 58. Shore line diffraction. 


formed on the sea. This is indicated by A in Figure 
57, which represents the reflected wave. At B, a 
higher angle lobe, there are only two zones intact, 
and the reflected wave is weak. Had only one zone 
been complete, the reflected wave would have been 
stronger than A. At C only portions of outer zones 
are formed on the sea, and the reflected wave is 
negligible. 

The effect of the reflecting surface may be repre- 
sented by an image antenna located in the earth 
under the radar antenna at a depth /; below the 
surface as in Figure 58. The nonreflecting land surface 
then acts precisely as a straight diffracting edge for 
the image antenna and indirect ray. A general 
formula will be developed which gives the situation 
of any Fresnel zone of any lobe for a given radar 
station. From this formula and the distance to the 
shoreline it may be determined for each lobe which 
zone is intercepted by the shore. In the graph in 
Figure 58 is plotted the relative intensity of the 
reflected ray as a function of m, the number of the 
- zone touching the shore. In the illuminated region 
at large angles, as A, the relative intensity is close 
to unity. Approaching the shore it oscillates about 
unity, reaching a maximum of 1.18. In the shadow 
region, the intensity drops to low values. Thus, 
knowing m, the effect of shoreline diffraction on the 
reflected ray may be obtained. The derivation will 
be developed for a plane reflecting surface, since, as 
‘it has been explained on page 102, for lobe angles 


corrected for standard earth curvature, the effect of 
earth curvature may be taken into account by using 
hy’ [equation (59)] instead of h:. In most cases dy will 
be small and h; may be used with little error. 


General Formula 
for the Reflection Area 


In Figure 59 is shown an image antenna 7” sending 
radiation through a plane of indefinite extent. In 
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Ficure 59. Fresnel zones on the reflecting surface. 


order to simplify the calculations it will be assumed 
that the distance from the reflection point to the 
target is large, so that the rays from the Fresnel 
zones may be considered parallel. With regard to 
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the transmitter distance, however, no such approxi- 

mation will be made. 

h, = depth of the image antenna below the 
reflecting surface, in feet. 

W = angle of the lobe considered with reference 

to the tangent plane at the reflection point, 

in radians. 

= number of the Fresnel zone. 

= 0 for the center of the first zone. 

+1 for the far edge of the first zone. 

= —1 for the near edge of the first zone. 

= +2 or —2 for the edge between the second 

and third zones. 
n = lobe number. For a given radar station 7 is 
related to the angle Y by the equation 
n = (4hi/d) sin V. 
d\ = wavelength in feet. 

d, = distance from the transmitter to the near 
edge for the Fresnel zone and lobe considered, 
in feet. 

d, = distance from the transmitter to the far edge 


SSsss 
lI 


for the Fresnel zone and lobe considered,, 


in feet. 

d; = distance from the transmitter to the center 
of the first Fresnel zone for a particular lobe, 
in feet. 

In Figure 59 is shown the first Fresnel zone for an 
angle Y with a corresponding value of n. Ray 2 
passes through the center of the first zone and rays 
1 and 3 pass through the near and far edges respec- 
tively. Because of the great distance of the target 
the rays 1, 2, and 8 are parallel. 

For the first zone the path difference between 1 
and 2 is 4/2. For zone m the path difference is 
m/2 (where m = 1, 2, 3, etc.). Since the points 
d, and d, are not equidistant from the target, the 
distance x1 cos Y must be subtracted from ray 2 to 
compensate for the increased path length of ray 1 
above the plane. 


mdr -e. hy 
oS hl. (2 y ~ 71.008 v) 
In the right triangle 
h : 
1? = 2? sin? W + (ey — 2, cos v) ; 


Eliminating 1, from these equations and solving - 


for 1 


—m) cos WV + »/m?n? + 4mXh; sin V 
2 sin? V 


For the far point of the zone 


mr nae sn hy 
sors le (si + Ze cos v) ; 


also 
2 


hy ar Z2 COS v) t 


sin V 


1? = Xe? sin? v + ( 


“By a similar process of elimination of J, and solving 
for 22: 


md cos VW + +/m?d2 + 4mXhy sin V 


te 2 sin? v 2 (IO) 
For the near point of the zone 
hi —m cos V + +/m?d? + 4mdh, sin V 


di, 


~ tanv 2 sin? v 


Since sin YW = nd/4h; and W is small, cos ¥ may be 
taken as unity with the following error: 


up to 214° less than 0.1 per cent, 
up to 10° less than 1.5 per cent, 
up to 15° less than 4.5 per cent, 
anil m Vm? + mn\ 8h: 
a, = (5 +% n? =. 


For the far point 


a= (a+ aR 


These equations may be combined: 


(ea i yn 2 
a= (5 4 MMi fmt) Sia 


2 né Ne (0) 
where the plus sigt gives the far point and the minus 
sign gives the near point. The reflection pojnt is 
obtained by using m = 0 and equation (77) reduces 
to: 


Ah? 


Ga es: (78) 


Thus to obtain the range of the near edge of the 
first Mresnel zone for the first lobe, substitute n = 1, 
m = 1 and use the minus sign in equation (77): 


2 
d, = 0.688 = : (79) 


The far edge of this zone is obtained by using the 
plus sign 


2 
d, = 23.3 he ; (80) 
Equation (77) is in the form 
— hi 
d= ane. (81) 
where 
1 m a/ m? + mn 
r=38(5 +5 + 7 i (82) 
or 
div 
Ty = ree (83) 


If d; 1s taken as the distance of the shoreline, 7; 
may be considered as a characteristic site or terrain 
factor at a particular azimuth and combined with 
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the height and wavelength to obtain the range of 
any zone of any lobe. 

In order to read the relative intensity and phase 
lag of the reflected wave from the diffraction graphs, 
Figure 27 and Figure 28 respectively, it is necessary 
to have m expressed in terms of v. In Figure 19 the 
path difference is by definition of m 


nN 
ms 


[N= 5° (84) 
Equation (23), with A = d — 8, yields 
dv? 
A=—, 
hence 
vy 


It is also desirable to have an expression for v in 
‘terms of x and 7. This is obtained by substituting 
v?/2 for m in equation (82) and solving 


Ln? 2 


The width of the zones, that is, along a chord at 
‘d; parallel to the minor axis of the elliptical rings, 


Ficure 60. Width of Fresnel zones. 


may be obtained from Figure 60. Zone m is shown ° 


with a chord length b. The distance from the image 
antenna to the intersection of the chord and ring m 
is 1 + md/2. From this may be written 


(i a my =P+ 6) (87) 


- Neglecting m?\2/4 since it is small compared to the 
other terms, 


P+ ml =P + (2) , 
b= V4mn, 
= dy Ly cs ahs 
~ cos¥W > mdr’ 


from equation (78), since W is small. 


Where earth curvature effects are appreciable the 
effective height, from equation (59), should be used. 


b = 4h,’ e (88) 


To apply this method the distance of the shore- 
line, d;, is substituted in equation (81), and the 
equation is solved for 71, the terrain factor. This 
quantity is a constant for a particular azimuth and 
is substituted in equation (86) along with the values 
of m desired and solved for v. The values of m corre- 
sponding to these values of v are the numbers of the 
zones which intersect the shoreline for each value 
of n. These values of v are entered in Figures 27 and 
28 to obtain the intensity and phase lag relative to 
that which would be obtained if the rough land were 
replaced by the sea. 

Example 15. Shoreline Diffraction. A radar station 
is assumed to have the same height and frequency 
as in Example 11. The shoreline distance is 3 miles, 
and the intervening land is occupied by a large 
city. hi = 500 ft; f = 200 me; di = 15,840 ft. At 
this distance the effect of earth curvature is less than 
1 per cent and may be neglected. The greatest angle 
at which waves are reflected from the sea is given by 


500 5 
75,840 S< Gi} = isch 


In equation (16) the maximum height of roughness 
for regular reflection is 
3,520 


H = 300 x 181 


= 9.7 ft. 


The land is evidently a diffuse reflector. From 
equation (83) 


_ dd _ 15,840 x 4.92 
~ (i)? (600 — 4.5)? 


Substituting in equation (86) for n = 2 


_ | PSU Dine 
v= pax Dap ee = BN, 


y2 
m == 
2 


T; = 0.317. 


= 2.23 . 


That is, somewhat more than two zones are com- 
pletely formed on the sea. In order to determine 
which sign to use in reading Figure 27 it is only 
necessary to know whether the main reflection point 
d, for this lobe falls on the land or the sea corre- 
sponding to shadow or illuminated regions. A more 
general procedure is to solve equation (63) using the 
shoreline distance for d; : 
4 X (500 — 4.5)? 
~ 15,840 X 4.92 TaD. 


For all values of 7 less than 12.6, d, will be on the 
sea and equation (84) applies to the near edge, and 
the minus sign is used in equation (82) corresponding 
to +v in Figure 27. For n greater than 12.6 the 
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plus sign is used in equation (82) and —v in Figure 
27. Thus, for n = 2 and »v = +2.11, is read in 
Figure 27 the relative intensity z = 0.980 and in 
Figure 28 the phase lag, ¢ = —0.103 radians. Other 
values are listed in Table 9. ; 


TABLE 9. Shoreline diffraction. (Example 15.) 


n ov Sign z fe n ov Sign z & 

0 2.51 + 1.036 +0.080 1/12 0.14 + 0.582 —0.130 

1 2.31 + 1.083 —0.015 | 13 0.089 — 0.459 +0.2 © 

2 2.11 + 0.980 —0.103 |} 14 0.28 — 0.3877 +0.5 

3 1.91 + 0.884 —0.038 |}15 0.49 — 0.308 +0.9 

4 1.71 + 0.938 +0.100 | 16 0.68 — 0.261 +1.4 

5 151 + 1.082 +0.120 ||}17 0.87 — 0.223 +1.9 

6 1.32 + 1.170 +0.030 }18 1.08 — 0.192 +2.6 

7 #112 + 1.156 —0.085 /19 1.27 — 0.170 +3.3 

8 0.92 + 1.073 —0.181 || 20 1.48 — 0.150 +4.2 

9 0.72 + 0.953 —0.255 | 21 1.67 — 0.185 +5.2 
10 0.52 + 0.825 —0.273 |} 22 1.88 — 0.121 +6.4 
11 0.32 + 0.696 —0.224 |} 23 2.07 — 0.111 +7.6 


The width of the seeond zone may be computed 
from equation (88). The effective height for n = 2 
is obtained from Figures 50 and 51 and is 414 ft. 


b= 4x a? = 1,656 ft . 


The Modified Antenna Pattern 


The vertical directivity of the antenna is modified 
by the local terrain. Unless the ground under the 
antenna is an extension of the reflection plane the 
modification of the free space directivity character- 
istics should be taken into consideration in the 
calculation of radar coverage. 

The vertical pattern of the antenna in the absence 
of a reflecting surface is referred to as the free space 
pattern, f,. This is usually given in the instruction 
manual for the set. If this pattern is not available 
or if the antenna has been modified, the vertical 
directivity may be computed by methods given in 
the next section. Local terrain effects are treated in 
some detail as they are in many cases a controlling 
factor. The resultant effect of the local terrain and 
free space pattern is called the modified antenna 
pattern, f(y). It does not include the effect of the 
main reflecting surface. 


Antenna Patterns 


To obtain f,, the relative amplitude of the radia- 
tion from the antenna, as a function of the vertical 
angle y it is only necessary to'take into account the 
path differences of the elements of the array. The 
absolute field intensity and time phase will not be 
‘considered. In Figure 61 is shown an array of four 
horizontal half-wave dipoles spaced a half wavelength 
apart. The radiation from A in the direction 7 may 
be taken as proportional to cos wt. The path differ- 
ence of radiation from B is A/2-sin y. she corre- 
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Figure 61. The four-element array. 


sponding phase difference is 


2 so 4 
—y Xo 8iny = —mrsiny. 


For C and D the phase is —2z sin y and —3z sin y 
respectively. The total field intensity pattern is 
fa = cos wt + cos (wt — 7 sin +) 
+ cos (wt — 2m sin y) + cos (wt — 3m sin) , 
grcuping 
[cos wt + cos (wt — 3m sin 7)] 
+ [cos (wt — m sin y) + cos (wt — 2x sin y)] . (89) 
From the identity 
cos A + cos B = 2cos}(A + B) cosi (A — B) 
equation (89) may be written 


Sf, = 2cos (1 = ar sin v) cos (= sin 7) 
2 
2 cos ( wot — BE Fi cos (= sin 
2 Dis Ce? 


2 cos (0 = 3 sin v) : 


om. 
[cos( sin 1) + cos - 6 sin v)| ; 
ov. : ie 
fa = 4 cos | ot — "Sin y } cos (x sin 7) - 


cos (= sin 
Pieri 
Since only the rms value of this equation is signifi- 


cant, the terms containing wt may be dropped, and 
the result for the four-element array is 


+ 


fa 


wT 


fa = cos ( sin y) cos ( sin v) : (90) 
It is easily verified that this is a special case of the 


general expression for an N element array spaced at 


intervals of nd and excited in phase (not derived here) 
_ sin (Nn z= sin y) 
Pa = Nisinl Gain) et) 


The effect of a reflecting screen may be computed 
by treating it as though it were 4/4 from the dipole 
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as in Figure 62. In practice the spacing may be 


DIPOLE 


Figure 62. The reflecting screen. 


more nearly \/8 but for y less than 30° the method 
given here is satisfactory and avoids a complicated 
analysis. The path difference QR is (A/2) cos y, and 
- the phase difference is 7 cos y. Then 
fa = cos wt — cos (wt — m cos y) . (92) 

From the relation 

cos A — cos B = —2sin3(A + B) sin} (A — B), 
it follows that equation (92) may be written in the 
form 


. v 5 Tv 
fa = — 2s (« — 9 008 7) sin (5 cos 7) : 
Dealing only with the rms value, 
fa = sin (5 cos ) (93) 


For small angles this factor is usually unimportant. 
Factors are given in Table 10 for some typical arrays 
with horizontal radiators in a vertical column and 
a reflector screen. 

Example 16. Vertical Pattern of an Antenna. Using 
the eight element array in Table 10, the relative 
intensity at angle of 5° from the horizontal is com- 
puted as follows. 


fa = cos (90 sin 5°) cos (180 sin 5°) 
cos (540 sin 5°) sin (90 cos 5°), 
cos 7°51’ X cos 15°41’ 
X cos 47°4’ X sin 89°39’, 
= 0.9906 X 0.9628 X 0.6809 X 0.9999, 
= 0.65. 


The main vertical lobe is plotted in Figure 63. The 
first null is at 9°36’ and the half-power beam width 


2 


2 


RELATIVE INTENSITY 


° 
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Ficur® 68. Vertical pattern of a typical antenna. (Ex- 
ample 16.) 


is 4.53°. It will be noted that the effect of the 
reflector screen may be neglected for small angles. 

The pattern from a parabola is closely dependent 
on the feed system which controls the uniformity 
of illumination. To reduce side lobes it is common 
practice to taper the illumination toward the edge 
of the dish. This is accompanied by a broadening of 
the beam and a loss of gain. The half-power beam 
width for uniform illumination is 59\/D degrees, 
where D is the diameter of the aperture. The first 
side lobe is then about 2 per cent of the maximum. 
A typical dish with a tapered feed would have a 
half-power band width of 68.8\/D degrees. This 
reduces the first’ side lobe to 0.5 per cent. Some 
designs are further modified by deforming the dish, 
off-center feeds, etc., so that: the patterns may not 
be easily computed. Such patterns are best obtained 
experimentally and are usually given in the manual 
for the equipment. 


Local Terrain Effects 


The vertical pattern of the antenna maybe modi- 
fied by reflection from local flat areas or by diffraction 
over hills or other obstacles. To take these effects 
into account, factors are computed from the diffrac- 
tion equations which are used to modify the direct 
and reflected ray patterns. 

A detailed method of calculating f(y) cannot be 
given because of the great variety of sites encoun- 
tered. However, the following discussion of the 


TasE 10. Antenna pattern factors. 
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effects of particular terrain features will suggest 
methods of combining them to analyze a particular 
site. 

A large, flat land area will in general produce lobes 
and nulls at angles given py equation (57) with an 
envelope twice as large as the free space pattern. 
If the land area is not level, the lobe pattern will be 
tilted by the angle of the land. However, the problem 
is essentially a matter of diffraction since the land is 
of limited extent. Equation (16) should be used to 
determine whether the area is sufficiently flat to act 
as a regular reflector. 

If the land is flat from the antenna out to a 
distance d, the relative intensity of the reflected ray 
is 4% when d, = h; X cot y. This assumes the land 
beyond d; to be nonreflecting and that the distant 
boundary acts as a diffracting edge. As d; increases 
further, the relative intensity increases to about 1.18 
and then decreases again and oscillates about unity 
in gradually decreasing swings. This is accompanied 
by a variation of phase. 

Several typical terrain problems will be solved in 
detail to illustrate the methods. 


Example 17. Limited Reflecting Area. A 200-mc 


radar, Figure 64, with an antenna as described in 


he5O FEET #2 200 MG 
LAND REFLECTING FROM 600 TO 3000 FEET 


C F(¥)> 14° 
400 
ANTENNA 
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Figure 64. Lobes from a limited reflecting area. 


Example 16, is 50 ft above a smooth reflecting surface 
(a lake) which extends from 600 to 3,000 ft. From 0 
to 600 ft and from 3,000 ft on is rough land. The 
shore line diffraction method will be used to deter- 


mine the effect of the réflection from the limited — 


area upon the antenna pattern f,. The vertical 
pattern is plotted from Figure 63 and shown dotted. 
To obtain the pattern for the reflected wave the 
shore at 600 ft is taken as a diffracting edge, and the 
relative intensity computed as a function of y as 
though the surface from 600 ft on were a perfect 
reflector. This is then repeated using the shore at 
3,000 ft. The difference between these two functions 
is then the effect of the area between 600 and 3,000 
ft. From equation (83) for n = 1 


600 XK 4.92 


ADS TSS GOP 


= 1.18; T 3,000 = 5.9 ; 


1 + 75. = 0.918 ; 


1.18 
Ye00 = x l= 


3,000 = 0.279 . 
From equation (78) 
4 X (50)? 
Neo0 = sarees = 3.39 > 3,000 = 0.678 . 


From Figure 27, using the plus sign for vgo0 and the 
minus sign for 3 99, is obtained the relative intensity 


2600 = 1.073; 23000 = 0.375. 
The reflection factor for n = 1 is given by 
= 1.073 — 0.375 = 0.698. 
From equation (57) 


_i xa 


TSZED 0.0246 radian = 1.41 


Other values are given in Table 11. 


TaBLE 11. Limited reflecting area. (Example 17.) 


n Y V600 U3,000 Z600 = 23,000 2 fr f(y) 


0 Oo +1.30 -+0.583 1.177 0.870 0.307 0.693 0.693 
0.1 0.14 +1.26 +0.498 1.181 0.810 0.371 0.658 0.658 
0.4 0.56 +1.15 +0.241 1.164 0.645 0.519 0.973 0.973 
0.5 0.70 +1.11 +0.155 1.153 0.592 0.561 1.147 1.147 
0.6 0.85 +1.071 +0.077 1.142 0.544 0.598 1.314 1.314 
1.0 1.41 +0.918 —0.279 1.073 0.375 0.698 1.700 1.650 
1.5 2.11 +0.727 —0.707 0.960 0.257 0.703 1.223 1.137 
2.0 2.82 +0.535 —1.136 0.838 0.186 0.652 0.349 0.314 
3.0 4.28 +0.155 —1.995 0.592 0.116 0.476 1.475 1.090 
4.0 5.64 —0.237 —2.853 0.393 0.082 0.311 0.689 0.386 
5.0 7.05 —0.619 —3.710 0.277 0.067 0.210 1.210 0.436 


The values of z multiplied by f, from Figure 63 
are plotted in Figure 65 as the reflected pattern. The 


DIRECT PATTERN- f, 


-_--= 


~ 


i REFLECTING 


a 
ee pees eS PLANE 
—— BLE -—— =S" —_—_— — — — ee 
naeeae 


NE Ass PATTERN - zf, 


° 0.2 0.4 0.6 0.8 1.0 
RELATIVE INTENSITY 


Figure 65. Components of the modified antenna for a 
limited reflecting area. 


resultant of the two vectors, f, and z2f4, in terms of 
n is given by the cosine law: 


fr= V1 + 2 = 2 cos (nm) . (94) 
Thus for n = 0.1 
fr = V 1+ (0.371)? — 2 X 0.371 cos (0.1m) = 0.658 


SITING AND COVERAGE OF GROUND RADARS 


The product of f; and f, is the modified antenna fac- 
tor f(y). This is plotted in Figure 64. With a larger 
reflecting surface, the length of lobes would approach 
twice the value of f,. Figures 64 and 65 were drawn 
for purposes of illustration and would not ordinarily 
be required. 

Example 18. Cliff Edge Diffraction. A 200-me radar, 
Figure 66, with an antenna as described in Example 
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Ficure 66. Cliff edge diffraction. (Example 18.) 


16, is 50 ft above a rough land surface, the top of a 
cliff whose edge is 3,000 ft away. 

The geometrical shadow line makes an angle with 
the horizontal of 


50 
ye OU eee 5 
tan ( Ait) 0.955° . 
At this angle, the relative intensity, z = 0.5. Other 
values of z may be read from Figure 27 after con- 
verting the angle of diffraction to » by means of 
equation (47). 
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117 
1 = — = 0:61 6;° . 
Vian ens 
At 0.377° in the shadow region v = —0.377 X 0.61 


= —0.23. From Figure 27, z is 0.4. This angle, 
referred to the horizontal at the antenna, is 


y = & — 0.955 = —1.332°. 


Some other values are: 


fe Zz 
+3.535 0.917 
+1.060 1.18 
—0.955 0.50 
—8.335 0.05 


The modified antenna pattern f(y) is the product 
of z and f, and is plotted in Figure 66. This pattern 
gives the factors for both the direct and reflected 
waves for the sea lobes. 


Example 19. Land Reflection and Diffraction. This 
site is similar to that of Example 18 except that the 
cliff top is smooth. This is shown in Figure 67. 
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Figure 67. Land reflection and diffraction. (Example 
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Ficure 68. Earth curvature effect on direct and image patterns. Note: GH horizontal at the antenna; CE horizontal at 
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The smooth land causes land lobes to be formed 
as in Example 17 which furnish high angle coverage. 
The sea lobes are computed using the method of 
Example 18 for the direct and reflected rays. If the 
cliff top were tilted down, the land lobes would be 
tilted by the angle of the land. Speculation about 
complex sites yields many unusual patterns, but in 
practice the results are usually disappointing. Com- 
plex sites seldom have horizontal symmetry, and 
gaps in the coverage pattern may be expected. 
Attempts to reinforce the pattern in a particular 
direction by siting back from the cliff edge generally 
cause poor coverage at other angles. Best all-round 
CHL operation results from siting on cliff edges and 
exclusive use of the sea as a reflector. 


Earth Curvature Effect 
on Lobe Lengths 


The effect of earth curvature on lobe angles was 
described on pages 102-104. The angles to be used 
with the modified antenna pattern of the image 
antenna are affected by earth curvature, and there- 
fore the strength of the reflected wave is also affected. 
In Figure 68 is shown a radar antenna at height h; 
above the earth’s surface, with the center line of the 
antenna pattern parallel to GH, the horizontal at 
the base of the antenna. Because of diffraction at a 
cliff edge the modified antenna pattern f(y) is unsym- 
metrical as in Example 18. The lines GH are parallel 
to the horizontal at the antenna. The line CE is 
horizontal at the reflection point and makes an angle 
6 with GH. The target is at an angle 7 with respect 
to GH. The incident and reflected rays make the 


angle y — @ with CE. It will be noted that the 
direct ray makes the angle y ~ 6 with the centerline 
of the antenna pattern, and the reflected ray makes 
the angle y — 20. 


Coefficient of Reflection 


The coefficient of reflection of, the reflecting surface 
is in general complex. That is, both the magnitude 
and phase of the reflected wave are affected. The 
reflection coefficient varies with the conductivity and 
dielectric constant of the reflector and with the 
frequency, polarization, and angle of incidence. 
Careful consideration should be given to the rough- 
ness of the surface, and a substantial reduction in 
the coefficient should be made when the height of 
roughness is comparable to that computed from 
equation (16). In general the reflection obtained 
with microwaves is of minor importance. 

The magnitude and phase angle of the reflection 
coefficient are plotted as functions of the angle of 
reflection, Y in Figures 69 and 70. Curyes are given 
for horizontal and vertical polarization and for the 
extreme conditions of sea water and dry soil. For 
dry soil the reflection coefficient is not sensitive to 
frequency changes, and the 100-me curve may also 
be used for 3,000 me. 

For most purposes the reflection coefficient for 
horizontal polarization may: be taken as unity, and 
the phase angle as 180°. The use of these values 
simplifies computations. 

The coefficients of reflection and phase angle for 
vertical polarization vary rapidly with frequency 
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Figure 69. Reflecting coefficient curves. 
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Ficure 70. Phase of reflection coefficient curves. Note: Solid curve represents seawater. Dotted curve represents dry soil. 


and angle of reflection for sea water and more 
gradually for dry land. The minimum point of the 
curves in Figure 69 is known as the pseudo-Brewster 
angle corresponding to a similar angle in optics. 


TasieE 12. Terrain reflection characteristics. 


Type of terrain €, co, mhos 
per meter 
Fresh water 81 10-3 
Sea water 81 1 
Rich soil 20 3 xX 10° 
Heavy clay 13 4 xX 107 
Rocky soil 14 2 < 1053 
Sandy dry soil 10 20m 
City—industrial area 5 NOY 


Cases not covered by Figures 69 and 70 may be 
computed from the following equations. 


Vertical Polarization: 


e-sinW — +/e, — cos? 


exp (—jo) = ——————— , (95 
meres Je) e,sinW + +/e, — cos? Vv 2) 
Horizontal Polarization: 
f Ve. — cos? ¥ — sin¥ 
ex = a 96 
pexp (—j¢) Rema eR (96) 
where Y = the angle of reflection measured from the 
horizontal ; 
€. = €, — J600d; 
€, = dielectric constant of the reflector rela- 
tive to air; 


o« = conductivity of the reflector, mhos per 
meter; 


r 
o = phase angle, lagging. 


ll 


wavelength, in meters; 


Some typical ground constants are given in 
Table 12. 


Divergence 


The reflected wave is scattered somewhat by being 
reflected from the spherical surface of the earth 
instead of a plane surface, and this reduction of field 
strength is taken into account by the divergence 
factor. This is dependent on geometrical considera- 
tions and may be expressed as follows (for y’ < 3°): 


D= ! (97) 


mr 
Ni ceca 
where 7 is the lobe number, 
is the wavelength, in feet, 
7’ is the reflection angle, in radians, obtained 
from equation 60. 

A convenient chart for obtaining D is given in 
Figure 71. The parameters are y’ in radians and nd, 
with \ expressed in feet. 

As y' approaches zero, n also approaches zero, and 
the equation is indeterminate. At the point of tan- 
gency of the line of sight and the earth, D is 0.5773. 
At low angles the field is modified by diffraction 
around the curved earth. The lower limit of the angle 
y’ for which the optical treatment is valid is usually 
given by 


3 
y' > am Tq 7 0.00382 Vr, (98) 
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Figure 71. Divergence factor graph. 


where k is % and 2 is in feet. 

For angles below this limit the theory for diffrac- 
tion of radio waves around the earth is required for 
a rigorous solution. However, in practice it is found 
that angles as low as the first maximum (n = 1) may 
be treated by the ray theory with little error. 

Applying equation (98) to Example 11 

y’ > 0.00382 /4.92 = 0.0065 radian. 

In Table 6 this corresponds to n = 2.25. However 
using n = 1 and 7’ = 0.0036 the divergence factor 
D is found from Figure 71 to be 0.58. For angles 
below y’ = 0.0086 it is necessary to estimate D. 
Experience indicates that a fair minimum value to 
select for D is 0.5773. For angles much below the 
first maximum, the optical treatment gives values 
of field strength which are too low because it neglects 
diffraction. This may be compensated in part by 
using values of D between 0.5773 and 1.0. 


Lobe Lengths 


The contributions of the direct and reflected waves 
may now be added to obtain the length of the lobes. 


= [f(y) + fly — 28) zpD]do (99) 


where L is the distance to the end of the lobes or 
the nulls, in miles. do is the maximum range (in 
miles) at which a given response (usually the mini- 
mum detectable signal) would be obtained if the 
antenna were in free space. If the lobe diagram were 
plotted for some signal level above the minimum 
detectable, d) and ZL would be correspondingly 
smaller. 


Example 20. Lobes for a Medium Height Radar. A 
200-me radar using horizontal polarization has an 
antenna composed of two groups of dipoles spaced 
three wavelengths between centers, each group 
having four dipoles spaced \/2, as in Example 16. 
The antenna is 500 ft high and 3 miles inland as in 
Examples 11 and 15. It is desired to compute the 
vertical coverage pattern. 

From previous tests on this type of equipment it 

‘is known that the maximum range that would be 
obtained in free space do is 80 miles. Since the 
polarization is horizontal, p will be taken as unity. 
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Precision is not required for most of this kind of 
work, and it will suffice to compute values for equa- 
tion (99) at each integral value of n and to consider 
the values for odd n’s (with the plus sign) as the 
average of the lobe. The lobe shape will be taken 
as sinusoidal and the range at the nulls obtained by 
using even values of n and the minus sign; f(y) and 
S(y— 26) are obtained from Figure 63, by using 
values of y and y — 20 from Example 11 corres- 
ponding to integral values of x. The values of z are 
obtained from Example 15. The computations are 
shown in Table 13. Had cliff edge diffraction been 
involved f(y) and f(y — 26) would be read from 
curves a8 in Example 18 with marked effects on 
the pattern. 

The lobes are plotted in Figure 46 using equation 
(74) and the value of L for odd numbered n’s. For 
intermediate values of n the factors are: 


Fractional value of n sin (90° n) 
0.33 0.500 
0.50 0.707 
0.70 0.891 


Using these three points above and below the lobe 
line and the maximum and minimum values from 
Table 13 the lobes may be plotted quickly as 
explained in Example 14. 

TABLE 13. Lobes for a medium-height radar. (Example 20.) 


= HOP 20) iG?) 2 

PMG 28) 20) DT f(Y — 26)p2D 

0 0.999 0.999 1.036 0.577 —0.597 0.402 32.2 
1 1.000 0.998 1.083 0.580 -+0.627 1.627 130.2 
2 0.999 0.997 0.980 0.735 —0.718 0.281 22.5 
3 0.999 0.994 0.884 0.823 +0.723 1.722 137.8 
4 0.997 0.992 0.938 0.890 —0.828 0.169 13.5 
5 0.992 0.989 1.082 0.912 -+0.976 1.968 157.4 
6 0.989 0.987 1.170 0.933 —1.077 0:088 7.0 
7 0.985 0.981 1.156 0.942 +1.068 2.053 164.3 
8 0.980 0.978 1.073 0.959 —1.006 0.026 2.1 
9 0.975 0.972 0.953 0.963 -+0.892 1.867 149.4 
10 0.970 0.967 0.825 0.968 —0.772 0.198 15.8 
11 0.963 0.961 0.696 0.973 -+0.651 1.614 129.1 
12 0.958 0.952 0.582 0.979 —0.542 0.416 33.3 
13 0.950 0.947 0.459 0.981 0.426 1.376 110.0 
14 0.941 0.939 0.377 0.984 —0.348 0.593 A474 
15 0.932 0.929 0.308 0.987 -++0.282 1.214 97.2 
16 0.923 0.920 0.261 0.989 —0.237 0.686 54.9 
17 0.913 0.910 0.223 0.991 +0.201 1.114 89.1 
18 0.903 0.900 0.192 0.992 —0.171 0.732 58.6 
19 0.893 0.890 0.170 0.992 -+0.150 1.043 83.5 
20 0.881 0.879 0.150 0.992 —0.131 0.750 60.0 
21 0.871 0.869 0.135 0.992 -+0.116 0.987 79.0 
22 0.857 0.853 0.121 0.992 —0.102 0.755 60.4 
23 0.844 0.841 0.111 0.992 -+0.093 0.937 75.0 


The General Lobe Formula 


The assumption of a sinusoidal lobe shape and the 
neglect of the phase of reflection and diffraction in 
the preceding section may in some cases lead to 
considerable error, especially when the direct and 
reflected waves are very different in strength. In 


general a more accurate method is required for sites 
over 1,000 ft in height, where vertical polarization 
is used or where it is desired to know the lobe shape 
in detail. The method given in this section provides 
a general solution of the coverage problem in the 
optical region (except along the bottom of the 
first lobe). 

The development of the lobe formula will be 
reviewed, and equation (99) will be given in a some- 
what different form. The expression for the electric 
vector due to the direct wave is 

Ey = = s(x) exp(— 2%). (200) 


Td 


For the reflected wave 
E, = FY icy — 26) Kexp (- jl z} , (101) 
where JH, = electric field intensity at the target 
due to the direct wave, microvolts 
per meter: 

E, = electric field intensity at the target 
due to the reflected wave, microvolts 
per meter; 

E, = electric field intensity at 1 mile in 
the equatorial plane of the antenna, 
microvolts per meter; 

f(y) = modified antenna factor for the direct 
wave (page 114); 
f(y — 20) = modified antenna factor for the 
reflected wave (page 118); 
R = a complex factor for the reflected 
wave given by 


R = Dpz {exp[—j(¢ + O]} ; (102) 
where D = divergence factor (page 
119); 
p exp (—7¢) = complex reflection factor (page 
118); 
z exp (—jf) = complex diffraction factor (pages 
111-114). 
The net field at the target is 
E,=EHi+ E,, 
Al Ey 
[Bin | 3 ae AAG) se hae = 20) 
Doz{exnt=ie+s+9)}|, (109 


considering only the absolute value of H7 and taking 
r = rg = d except where the path difference is 
involved. The path difference phase shift is 


5S =e G@= me - (104) 


Equation (103) may for convenience be written 


(Blo Ba. (105) 


The target is assumed to have a complicated form 
and to be changing its aspect constantly. The 
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reflected energy is considered to be of random phase 
and magnitude. The magnitude of the reradiated 
field (microvolts per meter at a distance of 1 mile 
from the target) is found by using a coefficient of 
reradiation, pr, which varies with the target and 
aspect. 

The received field intensity is by the reciprocity 
theorem: 


\E|= iol Sk a. (106) 
Substituting from equation (105) 
Pr fi EB, 2 
|B |= "oS A 


For a particular coverage contour, such as the 
threshold of detection, usually taken as a signal-to- 
noise ratio of unity, a minimum received field inten- 
sity | Hy | may be assumed. This is related to receiver 
noise voltages, antenna -gain, and other factors of 
design. Using | Ey | for | Z| and solving for d 


[ead ee eae (107) 


Because of the way in which: £; and pz are defined, 
do, the maximum free space range, has the dimen- 
sions of length (in miles). It depends on the design 
of the transmitter and receiver and on the target. 
A may be considered a coverage factor which depends 
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on y and terrain effects. 

Because of the implicit character of the parameters 
of A in equation (103), a general solution of A as a 
function of y is not feasible. However, examination 
of typical problems discloses that the range of varia- 
tion of some of the factors is limited, and a method 
of successive approximations may be readily applied. 
In most cases $ and ¢ will vary slowly (about. % as 
fast) compared to 6 below 2° or 3°. At higher angles 
the rate of change may be faster, but contribution 
of the reflected wave at these angles is likely to be 
unimportant. 

The method described here consists in computing 
the lobe angles, diffraction, and divergence as though 
the only phase shift involved was that due to path 
difference as given on pages 102-104, 111-114, 119. 
The phase shifts from the apparent lobe angles thus 
computed are then determined. The diffraction phase 
shift is ¢, and the reflection phase shift is 


¢’ = ¢ — 180°, (108) 
where ¢ is obtained from Figure 70. If horizontal 
polarization is used ¢ may be taken as 180°, and 
¢’ is then zero. With curves of the phase shift 

“+ ¢ and the product f(y — 26)Dpz plotted 
against vy the apparent lobe angles.«and lengths 
computed above may be corrected to obtain the 
actual values. The details of this method will be 
given in the example below. 


RELATIVE STRENGTH OF REFLECTED RAY 
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FicurE 72. Relative magnitude and phase of the reflected ray. 
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Example 21. The General Lobe Formula. An inter- 
rogator equipment is used with the radar of Example 
20. It operates on 160 me; the height of the antenna 
above the sea is 500 ft; and thé distance.to the shore 
is 15,840 ft. The intervening land is too rough for 
coherent reflection. The antenna consists of two 
vertical radiating elements and parasitic reflectors. 
The radiators are approximately a half wavelength 
long and spaced a half wavelength apart. The maxi- 
mum distance.at which reliable interrogation may 
be obtained in the absence of a reflecting surface 
has been found to be 110 miles for this particular 
equipment. It is desired fo construct for this site 
the vertical coverage diagram of the interrogator 
system. 

The vertical pattern of a vertical half-wave dipole 
is given by K 

cos (5 sin v) 


fa = cos 7 

Since this factor is over 0.98 for angles up to 10 
degrees, f(y) and f(y — 26) will be taken as unity. 
The lobe angles are then computed neglecting ¢ and 
¢, as in Example 11. Diffraction and divergence are 
computed as in Example 15 and as on page 119. The 
results of these calculations are listed in Table 14. 

The values of p and $ depend on y’ and are read 
from Figures 69 and 70. Using equation (108), ¢’ 
is obtained and added to ¢. The sum ¢’ + ¢ is the 
net phase shift of the reflected wave from the values 
used in computing the lobe angles and is plotted 
against y in Figure 72. For purposes of comparison 
6 has also been plotted, but this curve is not required 
otherwise. The product Dpz is the relative strength 
of the reflected ray and is plotted in Figure 72. 

The points on the coverage diagram are obtained 
in polar form from equation (107). 
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h 500 FEET 

SHORE LINE= 15640 FEET 

d=I10 MILES 
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VERTICAL POLARIZATION 


The vector representing the reflected wave is shifted 
in the lagging direction by ¢’ + ¢ degrees when this 
sum is positive, and in the leading direction when 
the sum is negative. The effect of this phase shift 
on the point on the lobe being considered may be 
determined by inspection of Figure 72. 

Thus, to determine the first maximum point the 
following procedure may be used. At n = 1 the 
angle y is 0.0011 radian and ¢’ + ¢ is —14.8 degrees. 
This means that for the cosine term to be —1 the 
path difference must be increased until 6 is 194.8 
degrees. The angle ya at which this value of 6 occurs 
is found by interpolating between 0.00110 and 
0.00492 since 6 changes from 180° to 360° in this 
interval. This angle is then 0.00141 radian. Had the 
angle ¢’ + ¢ changed appreciably from 0.00110 to 
0.00141 the interpolation would be repeated using 
the new value of .’ + ¢. In most cases the new 
value of ¢’ + ¢ may be estimated from the curve, 
and the first approximation will be close enough. 

At 0.00141 radian Dpz is 0.501. Substituting this 
value: 


d 


1100/1 + (0.501)? — 2 X 0.501 X (—1) 
165.0 miles , 

which is laid off on the coverage diagram at an angle 
of 0.00141 radian. As many other points as required 
to sketch the diagram may be computed in a similar 
fashion. For an intermediate point it is convenient 
to use the net angle equal to 90° since the equation 
then reduces to 


d = 110V/1 + (Dpz)? . 


The angles of the lobes have been listed in Table 14 
under ya and the lobe lengths under d. 
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Ficurt 73. Coverage diagram for Example 21. 
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TaseE 14. The general lobe formula. (Example 21.) 


oy VY ° Ya 
” radians radians Z £ » radians g 
0  —.00600 1.061 2.86 1.000 —.00589 0 


.00421 +.00110 0.920 
.00712  .00492 0.897 
01000 .00835 1.039 
01295 .01163 1.158 
01595 01485 1.158 
.01897  .01802 1.067 
.02200 .02119 0.930 


5.27 0.640 +.00141 165.0 
3.04 0.792 .00527 48.5 
7.56 0.862 .00858 180.5 
2.75 0.908  .01206 36.3 
5.04 0.9388 .01557 178.5 
10.88 0.955 .01894 52.7 
15.00 0.963 .02225 155.6 
02500 .02428 0.779 15.00 0.969 .02544 66.5 
02810 .02744 0.648 11.00 0.973  .02860 137.0 
10 .03110 .03051 0.500 0.00 0.982 .03161 989.1 
11 .03420 .03365 0.408 17.18 0.984  .03453 126.4 
12 .03720  .03669 0.332 43.0 0.987 .03731 96.6 
13 .04050 04005 0.267 74.4 0.991 .04024 120.6 
14 .04330 .04288 0.222 +1089 0.991 .04253 100.7 
15 .04640 .04600 0.190 +1546 0.992 .04493 117.7 
16 .04950 .04912 0.165 +206.2 0.993 .04894 103.0 
17 .05250 .05216 0.143 +263.3 0.993 .05010 116.5 
18 .05560 .05528 0.129 +326.2 0.994  .05264 104.0 
19 .05870 .05840 0.114 +4123 0.995  .05479 115.6 
20 .06170 .06142 0.104 +4926 0.997  .05694 104.5 
21 .06480 .06454 0.094 +590.0 0.998  .05909 114.6 
22 .06780 .06755 0.089 +687.0 0.998  .06127 105.6 
23 .07090 .07067 0.081 +813.0 0.998 .06486 114.2 
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The vertical coverage diagram is shown in Figure 
73. The lobe maxima and minima and the 90-degree 
points have been sufficient for sketching the lobes 
except on the first lobe where a few additional points 
have been computed. When the net angle is 60 
degrees, the field strength at the bottom of the first 
lobe is equal to the free space field. At ranges shorter 
than this the reflected wave opposes the direct wave. 
Directly under the antenna the contour passes near 
‘the surface so that the waves are very nearly in 
opposition. Because of the variation in Dpz with y 
the maxima will not occur exactly when the cosine 
is unity, but this effect is generally negligible. 


CALIBRATION AND TESTING 


One should not infer from the foregoing that a 
reliable coverage diagram can be obtained by calcu- 
lation alone. Under field conditions it is necessary 
to make test flights and other checks before equip- 
ment can be depended upon to meet a calculated 
performance. On the other hand it is seldom possible 
or desirable to obtain a satisfactory coverage diagram 
from tests alone. Best results are attained when tests 
and analysis supplement each other. 

Test flights are arduous, expensive in personnel 
and materials, and time consuming. In most theater's 
a number of agencies become involved, and careful 
planning and organization are required to achieve a 
useful result. For these reasons the amount of test 
flying should be held to a minimum by intensive 
analysis and equipment tests before and after the 
test flights. 


Equipment Tests 


It is difficult to overemphasize the. importance of 
proper equipment maintenance. An unfortunate ten- 
dency of inexperienced personnel is to maintain on an 


emergency basis, rather than as a matter of system- 
atic routine. In most cases the need is for a careful 
check of all elements and restoration to as-good-as-new 
condition, rather than a brilliant intuitive process 
known as “trouble shooting.” One survey of a large 
number of systems disclosed an average reduction 
from optimum performance of 13.5 db. This corre- 
sponds to a maximum range of 50 per cent of normal. 
Careful tests have shown the use of “standard tar- 
gets” to be very misleading in many cases. Large 
changes in’ the maximum ranges of small targets 
were found without appreciable changes in the 
strength of the permanent echoes used for checking 
purposes. 

Full use of test. instruments available should be 
made in checking the equipment. Orientation should 
be completed and the accuracy of range and azimuth 
indicators checked. Tuning and modifications should 
be done before the test flights are made, unless the 
tests indicate poor performance. A great handicap 
in this work is the lack of absolute measures of power 
output, but much may be done with echo boxes and 
field intensity meters. 


Signal Measurements 


Several methods are used for recording signal 
strengths, and these determine the type of receiver 
calibration required. Estimation of signal-to-noise 
ratios by means of scales on the face of the scope 
requires some means of specifying the gain setting. 
The means used, such as height of noise, position of 
gain dial, and so forth, should be calibrated with a 
signal generator so that there is an assurance of 
adequate sensitivity and a way of checking the 
measurements. The saturation line on the scope is 
assigned a height of 10, and the signal and noise 
heights are read in proportion. Ratios in excess of 
10 are usually read as 10+. This method requires 
considerable skill on the operator’s part and is 
limited in scope. In Figure 74 is shown a calibiation 
curve on a typical ‘square law” receiver. In the circle 
is represented a signal on an A scope which would 
commonly be read as a signal-to-noise [S/N] ratio 
of 8. Actually the ratio of receiver inputs correspond- 
ing to the signal and noise heights is 8.5/3.25 or 2.6. 

A considerable improvement over the above 
method may be obtained as follows. An index line 
is drawn on the face of the A scope about an inch 
from the baseline. To measure a signal it is brought 
to the index line by adjustment of the gain control, 
and the gain control voltage is recorded. The gain 
voltage required to bring the noise to the index line 
is also noted occasionally during the test. A calibra- 
tion curve is made using a pip signal generator or a 
modulated signal generator connected to the receiver 
input. The gain voltage required to bring the signal 
to the index line is méasured for various inputs. 
Gain voltage readings on the test target and noise 
are converted by means of the curve to equivalent 


eae 


SITING AND COVERAGE OF GROUND RADARS 125 
A SCOPE SENSITIVITY —LOW 


SCOPE DEFLECTION IN INCHES 
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Ficure 74. Typical receiver characteristics. 


input voltages. Test data may be conveniently 
plotted as decibels above noise after this conversion. 
It should be noted that the calibration depends upon 
the type and percentage of modulation. 

A third method involves calibration of the gain 
control dial by comparison of permanent echoes. 
Three lines are drawn on the scope face such as 44, 
1, and 11% in. from the baseline. The position of the 
gain dial with the noise at 14 in. is marked 0 db. A 
permanent echo is selected which comes to the 1-in. 
line at this setting. The gain dial is then turned to 
bring this echo to the 14-in. mark, and this position 
of the dial is marked 6 db. Another echo is then 
selected which is 1 in. high, and it is brought down 
to 14 in. by further adjustment of the gain dial. This 
position is marked 12 db. In this manner the gain 
dial may be calibrated over the full range of adjust- 
ment. It may be necessary to change the series 
resistor on the gain potentiometer to spread the 
working part of the scale over a sufficiently wide 
angle. A common difficulty with this method is lack 
of suitable permanentsechoes (see page 92 ). 

A fourth method is suitable for microwave gear 
where search is conducted with a PPI scope. As the 
beam sweeps past the target a hit or miss is recorded. 
If desired, additional note may be made such as miss, 
very weak, weak, or hit. In analyzing the data the 
percentage of hits in an arbitrary period of 30 sec is 
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Ficure 75. Test flight data for PPI scope. 


plotted against range, counting very weak signals 
or stronger as a hit, as in Figure 75. The data may be 
scattered, but it is not difficult to decide the range 
at which the percentage of hits is 50 per cent. This is 
taken as the, maximum range. At lower altitudes 
a lobe structure may be detected, indicating ground 
reflection. 


Conduct of Test Flights 


The test planes should have two or more engines. 
Slow-speed, high-ceiling, long-range planes are most 
desirable. They should be equipped with navigational 
aids such as radio compass, DF system, and loran, 
and full complement of communication sets, trans- 
ponders, and altimeters. For positive identification 
in regions of high traffic density, a distinctive IFF 
(identification friend or foe) response is essential. 
Mark II transponders may be readily modified in 
the VHF band to give a double pulse by shifting 
the condenser rotors. 

Tests are conducted by flying out from the station 
and returning at a Specified altitude to a range 
estimated to be about 10 per cent beyond the maxi- 
mum of the lobes. Suitable altitudes are from 5,000 
to 20,000 ft. Little is learned from tests below 1,000 
ft since nonstandard propagation effects are most 
pronounced in this region. 

Data should be taken by specially trained opera- 
tors as considerable judgment is required. Where 
feasible, flights over sea should pass near landmarks, 
etc., to check navigation. Other radars and agencies 
should be employed to assist the test plane in holding 
its course. The permanent echoes should be noted 
during the test and compared with average condi- 
tions so that an estimate of nonstandard propagation 
may be made. Similar checks should be made at other 
nearby radars. 
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Analysis of Test Data 
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FicureE 76. Typical signal-to-noise test data. 


In Figure 76 is shown a signal-to-noise graph for 
a station similar to Example 20. The noise is set at 
a relative height of 1, and the signals are read in 
proportion as the plane comes in. The weak signals 
at medium ranges are due to shore line diffraction. 
The peaks correspond to lobe maxima and ranges at 
S/N = 1 to the locations .of the lobe contour at 
12,000 ft. The receiver in this case is of the ‘linear’ 
type, and the lobe maxima may be obtained by 
extrapolation. Along a line of constant path difference 
such as the maxima of the lobes the signal-to-noise 
ratio varies as the inverse square of distance. Thus 
the fourth lobe has a peak S/N ratio of 6 at 68.5 
miles, and the lobe length is L = 68.5+/6 = 167.5 
miles. 

In practice the length computed in this manner 
would be compared to those obtained from tests at 
other altitudes. Notes made during the test and other 
factors would be considered and the data weighted 
accordingly. For example, at 90 miles the S/N ratio 
is 2 and the percentage error is probably greater than 
on the reading at 68.5 miles. The location of points 
on the lobe cannot be read with accuracy from Figure 
76 at S/N = 1 since this is threshold data which 


may be in considerable error. 

To determine the maximum free space range F, 
the lengths of the lobes obtained from the test data 
may be listed along with the site factors from equa- 
tion (99) or equation (107). A value of F is then 
selected which will most nearly fit the test data. 
Variations in performance of the equipment affects 
the lobe lengths in proportion. Variations from the 
standard atmosphere assumed will shift the position 
of the lobes, particularly at low altitudes. 

Where better accuracy is desired or the receiver is 
nonlinear, the calibrated receiver method is required. 
Such data are recorded as gain voltage; range, and 
time. For each gain voltage, the equivalent receiver 
input voltage is read from a calibration curve such: 
as Figure 74. The equivalent value of the noise 
voltage of this set is 30 wv. Dividing the equivalent 
receiver signal voltages by 30 gives the S/N ratio 
which is plotted against range in Figure 77. The 
lobes are identified by reference to a lobe angle 
diagram. The extrapolated lobe lengths may be listed 
as follows: 


Height, feet Length of lobes, miles 


1 2 3 4 


20,000 243 196 235 
10,000 159 212 169 162 
5,000 156 216 163 158 


The 20,000-ft data were taken last and indicate the 
effect of certain equipment adjustments. The ability 
to maintain this performance is one of the questions 
to be considered in arriving at a weighted average 
value of lobe lengths. Comparison -of these lobe 
lengths with the computed lobe factors will indicate 
a fair value to be used for the free space maximum 
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Ficure 77. Test flight data from a calibrated receiver. 


Chapter 12 
VARIATIONS IN RADAR COVERAGE 


ARIATIONS IN COVERAGE of radio and radar 

equipment are caused by atmospheric factors 
whith influence propagation of very short radio 
waves. 

The rapid and accurate evaluation of radar signals 
is dependent to a great extent upon our knowledge 
and understanding of the effects produced by the 
variable conditions of the lower atmosphere. 

Evaluation of radar signals influenced by weathei 
introduces problems of identification, actual range 
determination with second or third sweeps, and rada1 
coverage characteristics, each having a direct bearing 
on the tactical situation. 

Enemy ships far beyond the horizon have been 
located by radar and sunk by radar-controlled gun- 
fire. United States warships in the Pacific, in several 
instances, have picked up targets by radar at ranges 
four to five times those obtained under standard 
conditions. 

Army coastal radars have tracked convoys on 
some occasions to 20 or 30 miles beyond normal 
radar ranges. The same radars, a few hours later, 
may have failed entirely to pick up targets clearly 
visible to the eye. 

Allied forces are employing radar and VHF (very 
high frequency) equipment with steadily increasing 
effectiveness. But we are forced to revise and improve 
our early conceptions of the capabilities and limita- 
‘tions of these useful instruments of World War II. 
Serious.errors and false evaluation of radar presenta- 
tion may result if we do not take into consideration 
the effects of weather and atmosphere on radar 
ranges and VHF coverage. 

Complete reports of the variability of radar cover- 

age show that certain weather and atmospheric 
conditions prevailing along the transmission path 
may greatly modify the normal range characteristics 
of radar and VHF radio. The operator, at certain 
times, can “see” targets or hear messages far beyond 
the horizon, sometimes at unbelievable distances. At 
other times he is unable to contact, by radar or 
VHF, aircraft or surface craft well within the normal 
range limit. 

These effects of a nonstandard atmosphere might 
leave doubt in our minds as to the effectiveness of 
radar and the usefulness of VHF radio. But we should 
adopt the reverse view. We can, by understanding 
and allowing for these phenomena, make a useful 
instrument more effective—the weather will work for, 
instead of against, radar and microwave equipment. 

Unusual ranges are caused by bending or refraction 
of the radio waves by the atmosphere. A most import- 
ant special case of refraction is the concentration of 
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the wave energy in ducts within the atmosphere. 
This bending and duct formation is a direct result of 
the meteorological factors involved—factors of 
weather and atmosphere—peculiar, in many cases, 
to the locality and the season. Such factors are dis- 
cussed later. 


BENDING 


The VHF or radar operator usually assumes that 
short waves and microwaves, at frequencies above 
about 30 me, travel along the line of sight from the 
transmitter to the receiver and, in the case of radar, 
to and from the target. Experience has shown that 
this assumption, nearly true in many instances, may 
lead to serious errors or false evaluation if applied 
to radar operation and microwave communication. 

Radio waves are bent from a straight line path as 
a result of refraction by the lower atmosphere. This 
bending, or refraction, is generally recognized as a 
property of light. It is equally a property of radio 
waves. The underlying principles are exactly the 
same in both cases. 

The quantity that determines refraction is called 
the index of refraction. Refraction occurs whenever 
there is a change of index of refraction, as at the 


boundary of two substances. In the interior of a 


material of constant refractive index, the rays travel 
in a straight line. The change in angle at the bound- 
ary is the larger, the greater the difference in refrac- 
tive index from one material to the next. 

Radio waves are refracted or bent in the atmosphere 
because the index of refraction of the atmosphere 
changes with height. The properties of the atmos- 
phere which determine the refractive index and which 
change with height are temperature, pressure, and 
moisture content. These changes from one level to 


‘another are very small compared with that from 


water to air, and the resulting refraction itself is 
small. Nevertheless this refraction is of great import- 


ance in radar operations and radio communications 


above 30 me. 

If the atmosphere wefte composed of a number of 
successive layers each having a different index of 
refraction, a wave passing across the successive boun- 
daries of the layers would be abruptly deflected at 
each surface. The atmosphere does not consist of such 
distinct layers. Instead, the change in its physical 
properties and its index of refraction is gradual, 
continuous. There is, then, no sudden change in 
direction of the waves; the change in direction 
becomes gradual and zontinuous. In other words, a 
bending of the waves occurs as they pass through 
the atmosphere. Radio waves passing through the 
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Figure 2. Modified presentation of the information shown in Figure 1. 


lower atmosphere are usually bent downwards. 

As can be seen from the illustration of the actual 
pattern (Figure 1), the bending of the waves, or rays, 
by the atmosphere permits one to see farther than 
he would otherwise. In the figure the vertical dimen- 
3ions have been strongly exaggerated so that the 
earth’s gurvature becomes clearly visible. Under 
average weather conditions the horizon distance is 
increased by about 15 per cent, but at an elevation 
near the first lobe the increase in range is much less 
than this amount. This is the case of standard 
refraction, or standard propagation. 

It, is rather inconvenient to draw curved rays in 
radar coverage and calibration diagrams. This can 
be avoided by assuming that the earth’s radius is 
4, the actual radius. Then in the diagrams the rays 
appear as straight lines when the propagation is of 


the standard type. This method often is adopted in 


radar calibration practice, with coverage diagrams 
drawn or printed to the % value of the earth’s radius 
(see Figure 2). This corrects for the effect of normal 
bending in the atmosphere. The radar operator 
merely plots the position of his target on such a 
diagram and assumes that the radiation travels along 
a straight line between the radar and the target. In 
this way he takes into acgount the effects of standard 
refraction while doing his work. 

Wave propagation deviating from standard occurs 
under special weather conditions. The most import- 
ant type is called “guided propagation,” “trapping,”’ 
or “superrefraction’”’—formerly referred to as 
anomalous propagation. The main feature of this 


type of propagation is an excessive bending of the 
rays due to refraction. This bending occurs prin- 
cipally in the lower layers of the atmosphere and 
mainly in the lowest few hundred feet. In certain 
regions, notably in warmer climates, excessive bend- 
ing is observed as high as 5,000 ft. The amount of 
bending in regions above this height is almost always 
that of the standard atmosphere. 

As a consequence of the excessive bending in the 
lower layers the coverage pattern of a radar set is 
deformed, as illustrated in Figure 3. The fact that 
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Figure 3. Radar lobe pattern in nonstandard atmos- 
phere. A duct has been formed on the surface of the 
ocean and a ship is detected. Lobe No. 1 is,bent down- 
ward more than normal, but the other lobes remain sub- 
stantially unchanged by the duct. 


atmospheric influences are effective only in the lower 
layers does not imply that the echo strength from a 
target will be affected only as it lies in these layers, 
though the effects will be strongest there. It merely 
means that excessive bending is suffered by the rays 
only while passing through the lower layers. How- 
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ever, the deformation of the coverage pattern itself 
will in general extend to a greater height. 

Two factors are operative in producing a rapid 
change of refractive index with height: variation of 
moisture with height and variation of temperature 
with height. Excessive refraction occurs when there 
isa rapid decrease of moisture with height (“moisture 
lapse”) and, to:a lesser degree, when there is a rapid 
increase of temperature with height (“temperature 
inversion”). The most pronounced cases of excessive 
refraction occur when both these conditions prevail 
at the same time. These conditions will be discussed 
later from the meteorological viewpoint. 

Since the atmosphere is a very tenuous substance, 
the amount of refraction, that is, the amount of 
angular deflection of the rays, is very small and in 
no case exceeds a fraction of a degree. How then can 
these small effects influence radar operations? The 
answer is that they do nof influence operations unless 
the angle between the ray itself and the horizontal 
is very small. If radar is used for fire control, search- 
light control, or fighter intercept control, the targets 
are usually at medium or short ranges, and the angle 
between the line of sight and the horizontal is usually 
larger than one to two degrees. Refraction has 
practically no effect on such an application of radar. 

However, the same equipment may be used for 
long-range search and then the story is different. 
With early warning radar the target may be an 
airplane 50 or 100 miles away, and it may fly at an 
elevation of only a few thousand feet. In this case 
the angle of élevation of the target above the hori- 
zontal, as seen from the radar, is only a fraction of 
a degree. This applies still more to seaborne targets. 
The atmospheric effects then become operationally 
important. It should always be kept in mind that 
only low-angle search is affected By meteorological 
conditions. 

Asa rule, the operational characteristics of a radar 
for angles of elevation of the target exceeding 1 
degree may be calculated on the assumption of a 
standard atmosphere, with confidence that all non- 
standard meteorological effects are negligible. 


GUIDED PROPAGATION 


It is obvious that excéssive bending of the rays in 
the lower layers of the atmosphere must distort 
radar coverage patterns. One case of special import- 
ance is illustrated in Figure 4. Four rays, out of 
many, are shown which leave the transmitter at 
different angles with the horizontal. 

Ray 1 is bent so much that after some distance it 
returns to the ground; there it is reflected and then 
the same course is repeated again. In this way the 
ray may be reflected a number of times in succession, 
remaining always in the lowest layer. This super- 
refraction “traps” the rays in a ‘“‘duct’’ and results 
in guided propagation of the radar waves. Trapping 
does not occur under standard atmospheric condi- 
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Fiaure 4. Wave paths illustrated as rays in ground- 
based duct. 


tions. A ray, under standard conditions, may be re- 
flected by the earth’s surface only once before it 


‘escapes into space. 


Ray 2 is also bent in the lowest layer but not 
enough to keep it from escaping into the upper 
atmosphere whence it does not return to earth. 

Ray 3 is similar to 2 except that it undergoes one 
reflection by the ground before it escapes into the 
upper atmosphere. 

Ray 4 separates the two types of rays illustrated 
by rays 1 and 2. This ray becomes horizontal when 
it reaches the top of the trapping layer or duct and 
from there on travels along at the same height. All 
rays are divided into two groups: those that leave 
the trahsmitter at an angle with the horizontal less 
than the critical angle and are trapped, and those 
that leave the transmitter at a larger angle and 
proceed into the upper atmosphere. 

The critical angle is aways small, practically never 
larger than Y% degree. Its magnitude may be taken 
as a measure of the intensity of guided propagation, 
that is, of the amount of radiant energy trapped 
within the duct. Rays that leave the transmitter at 
a somewhat larger angle up to about twice the critical 
angle are sufficiently deflected while passing through 
the lowest layers to distort that part of the radar 
coverage pattern lying just above the duct. Rays 
leaving the transmitter at a still larger angle are not 
appreciably affected. 

The ground-based duct or trapping layer guides 
the wave along the earth’s surface in much the same 
way that hollow metal tubes guide microwaves. 
Within the duct there is less decrease of signal 
strength with distance than there is above the duct. 
Radar ranges on surface craft and low-flying aircraft 
located within a duct, similar to the one illustrated 
in Figure 5, are increased—sometimes to two, three, 
or four times the normal ranges. Ground echoes 
would be increased at the same time and might, in 
some cases, obscure partly, or even entirely, the 
echoes from incoming aircraft. 

When the radar is located within the duct, ranges 
on aircraft flying above the duct will be decreased 
only slightly, if at all. Often there may be a slight 
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Ficure 5 Rays in an elevated duct. In this, another 
common form of duct, the amount of bending may be 
approximately normal both below and above the duct. 
The rays oscillate between the upper and lower bound- 
aries; maximum ranges in or near the duct may be even 
greater than with a ground-based duct. 


increase in effective ranges. If the angle of elevatior 
of the aircraft is greater than 1 degree, the effects 
become inappreciable and failure to detect the target 
cannot be attributed to excessive refraction. 

If the duct does not. include the radar within its 
boundaries, as, for example, when a duct forms below 
a high-sited radar, the effective ranges on surface 
craft may be either increased or de¢reased. Similar 
reasoning may be applied in the case of -airborne 
VHF radio communication. Usually there is no very 
pronounced effect upon the signal strength when 
VHF communication is carried on between two 
aircraft, both flying above the duct. 

Interference between the direct rays and the rays 
reflected from the ground—resulting in the well- 
known lobe pattern of the coverage diagram—has 
not been mentioned. Under standard conditions the 
position of the lobes depends only on the wavelength 
used and the height of the radar above the ground. 
When a duct is present the lowest part of the coverage 
diagram may be strongly distorted. 

Coverage depends upon a variety of factors of 
which the most important are these: height of the 
top and base of the duct, amount of refraction in 
the duct, position of the transmitter relative to the 
duct, frequency (or wavelength) of the radar equip- 
ment, and height of the transmitter above ground. 

A coverage diagram for standard conditions is 
shown in Figure 6, diagram 1, with height strongly 
exaggerated. Only the lowest three lobes are shown, 
and the higher lobes appear compressed as compared 
to the lowest lobe. In diagrams 2, 3, 4, 5 the lower 
part of the same diagram is drawn as it appears 
under various conditions of guided propagation. The 
bottom part of the ‘‘standard’”’ main lobe is shown 
by a broken line. The lines which separate the “blind 
zones” from the “detection zones” represent the 
range at which a medium bomber would just become 
visible to this particular radar set. 

The diagrams clearty indicate the great extension 
of ranges in the duct and also the moderate change 
in ranges—sometimes an extension, sometimes a 
reduction—above the duct. Another feature of some 
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Figure 6. Standard and nonstandard coverage diagrams. 


of these diagrams is the appearance of ‘‘skip-ranges.”’ 
A plane flying at an altitude of 500 ft, for instance, 
would be detected early under the conditions shown 
in diagrams 4 and 5. As the plane approaches, the 
echo will disappear from the scope and reappear only 
at a range less than 20 miles. Similar conditions will 
prevail for ground clutter. In diagram 3 there would 
be ground clutter close in and also from beyond 33 
miles but not from the space between. For conditions 
shown in diagram 5, there-would be echoes from very 
remote ground targets but not frem targets at inter- 
mediate ranges. 

A change in echo strength from day to day is not 
necessarily caused by the weather but might simply 
be caused by a variation in performance of the set. 
Cases have occurred where there was extensive trap- 
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ping, but because of lowered set performance there 
was no corresponding increase in fixed echo strength. 
The set then will appear to be in good operating con- 
dition, and the operator will be deceived about ranges 
of detection for craft flying above the duct. Equip- 
ment for checking set performance is not usually 
available in the field. The change in intensity of 
nearby fixed echoes may be, in some cases, a measure 
of set performance, but in the absence of rnore 
elaborate checks this method can be misleading and 
should not be relied upon entirely. 

Failure of detection of targets is not necessarily 
due to weather influences. Electrical failure of the 
set or inadequate adjustment may be the difficulty 
and may be far more troublesome to identify than 
meteorological effects which should not be used as 
a “scapegoat” to.be indiscriminately blamed for 
poor coverage. 


METEOROLOGICAL FACTORS 


The atmosphere is responsible for bending and 
duct formation. To understand the ‘why’’ of non- 
standard ranges of radar and radio with respect to 
the weather, it is necessary to consider the meteoro- 
logical factors involved. 

The strong refraction which results in guided 
propagation is caused by a rapid decrease of index 
of refraction with height within: certain layers. The 
decrease depends upon distribution of moisture and 
temperature in the atmosphere, particularly in the 
lowest few hundred or thousand feet. Normally the 
temperature decreases with height in the atmosphere 
(at a rate of about 2°C per 1,000 ft), and the mois- 
ture decreases gradually with height. Under these 
conditions the propagation is of the standard type. 

Temperature may sometimes increase with height 
for a few hundred or thousand feet above ground 
and then, at greater heights, begin to decrease again. 
The vertical increase of temperature is called a tem- 
perature inversion. Sometimes a layer of moist air 
is found near the ground, and the air overlying it is 
very dry. There is then a rapid decrease of moisture 
over a short vertical distance: in other words there 
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Ficurr 7. Moisture variation aloft. 1. Moisture distri- 
bution with height in standard moist atmosphere. 2. 
Example of sharp moisture lapse (dry air overlying 
moist air) conducive to guided propagation. Mixing 
ratio is amount of moisture in a unit weight of dry air 
expressed as grams of water per kilogram of dry air. 


is a pronounced moisture lapse (see Figure 7). A 
moderate or strong moisture lapse almost always will 
produce trapping, but a temperature inversion 
(except at low temperatures) will lead to trapping 
only if the moisture distribution is favorable. A 
combination of both effects within the same layer 
usually will produce trapping. 

The meteorological conditions to be found over sea 
and over land are quite different and must be con- 
sidered separately. 


OVER SEA 


When warm, dry air flows over colder water, a 
temperature inversion will be established, and there 
will be evaporation into the lowest layers of the air, 
thus creating conditions of pronounced trapping. 
This weather condition is one of the most common 
causes of guided propagation. An example in point 
is the Mediterranean, which to the south, east, and 
west is surrounded by dry land masses producing a 
flow of dry, warm air over the water when the winds 
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Ficure 8. Modification of air from Sahara Desert in 
passing over the Mediterranean. 


blow from these directions (see Figure 8). Similar 
conditions are often caused by westerly winds. blow- 
ing from land to sea across the eastern boundary of 
a continent. Land and sea breezes may influence 
radar operation along a coast line. The wind direc- 
tion at a coast is often an important factor in deter- 
mining propagation conditions and should be closely 
watched. Whenever unusual propagation is observed 
by coastal radar stations, a record of prevailing winds 
at the time is very helpful in determination of future 
expected performance. 


Over Lanp 


Temperature inversions are produced mainly by 
nocturnal or night cooling of the ground (see Figure 
9). Trapping may occur when the moisture distribu- 
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Ficure 9. Formation of temperature inversion over land 
due to nocturnal cooling. 


tion in the lowest layers is such as to reinforce or at 
least not to counteract the effect of the temperature 
distribution, that is, when the moisture decreases 
not too slowly with height. Nocturnal cooling is 
greatest with clear skies and is quite small under 


an overcast. Hence guided propagation over land. 


occurs at night almost exclusively with clear skies. 
This type of temperature inversion is strictly confined 
to land areas. It does not occur over the ocean because 
the sea temperature does not show appreciable daily 
variations. Temperature inversions caused by noc- 
turnal cooling are most pronounced over dry land 
(desert) but will occur almost anywhere over land 
with a clear sky and.a not too humid atmosphere. 


SUBSIDENCE 


Another weather phenomenon favorable to trap- 
ping is subsidence. By subsidence is meant the slow 
downward motion, combined with horizontal spread- 
ing, of air above the lowest layers of the atmosphere. 
This process, which most frequently occurs in the 
area of barometric high, will produce temperature 
inversions; the subsiding air moreover becomes rel- 
atively much drier than the unaffected air below. In 
general the subsidence inversion is quite high (e.g., 
above 4,000 to 5,000 ft). In the light of present 
knowledge it appears that high subsidence inversions 
do not generally affect guided propagation when the 
sets are situated at low altitudes. It appears, how- 
ever, that such subsidence inversions might materi- 
ally affect communications or airborne radar search 
aloft. Lower subsidence inversions (1,000 to 2,500 
ft) along the southwestern coast of the United States 
are known to produce stable duct layers affecting 
radar coverage at low angles. 


TURBULENCE OF THE AIR © 


This has a distinct normalizing effect in that it 
tends to smooth out the temperature and moisture 
variations which are conducive to guided propaga- 
tion. Moderate to strong winds produce a turbulent 
layer extending normally to a height of about 4,000 
ft. The air is well mixed within this layer, and 
consequently the standard type of refraction prevails. 
Regions of a barometric low are characterized by 
strong to moderate winds and pronounced turbu- 


132 


lence in the lower layers. In addition low pressure 
areas usually have overcast skies. Hence a barometric 
low will as a rule lead to propagation of the standard 
type. 


FREQUENCY OF OcCURRENCE 


It is extremely difficult to estimate in general 
terms the frequency of occurrence of guided propa- 
gation, since statistical data are almost nonexistent 
at present except for very limited regions in Europe 
such as the North Sea. In the central Mediterranean 
during the summer months of 1943, ducts have been 
observed on 9 days out of 10. Frequent trapping has 
also been observed in some parts of the Pacific. At 
other times and places guided propagation might be 
an unusual occurrence, especially if the barometric 
pressure is generally low and the winds strong. It 
seems advisable to consult a weather officer with 
regard to any given locality. 


MEASUREMENTS 


In order to determine weather’s influence upon 
radar in a quantitative way, the variation of refrac- 
tive index with height must be determined. This 
requires accurate knowledge of the temperature and 
moisture distribution in the lowest few hundred or 
thousand feet of the atmosphere. The ordinary 
radiosonde is not well adapted to measurements of 
this type because the measured points on an ascent 
are usually spaced several hundred feet apart. Among 
the methods which have been developed for this 
purpose during the past two years, the one most 
generally adopted uses a captive balloon (or kite) 
which carries aloft electrical temperature and moist- 
ure—measuring elements. These are connected to a 
meter on the ground by means of thin wires attached 
to the cable holding the balloon. This device permits 
measurements at intervals as closely spaced as 
desired. A psychrometer held out of the window of a 
slowly flying plane has been used with good success 
in the absence of more elaborate equipment. 


CLOUD ECHOES IN RADAR 


Cloud echoes (more precisely, precipitation echoes) 
are observed frequently on radar scopes. At times 
they have caused confusion by blotting out other 
targets. Their similarity, upon certain occasions, to 
actual targets have caused some difficulty in the 
interpretation. of the signals. 

These echoes are caused by a reflection of the radar 
pulse from the raindrops in the clouds (or in rain 
storms). The amount of reflection increases very 
rapidly with frequency. Cloud echoes are qnite 
exceptional below about 1,000 mc. In microwave 
radar they first appeared as a nuisance, but more 
recently they have been put to practical use. In 
tropical climates they are very helpful for aerial 
navigation. 
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Cloud echoes may be distinguished from other 
echoes by their fuzzy and diffuse appearance. Not 
all clouds show up on a scope with equal strength. 
The strength of the echo seems to depend primarily 
on the size of the water drops within the cloud or 
rain storm. Ordinary clouds such as form an even 
overcast (stratus clouds) are not usually visible on 
the scopes; the droplets that compose these clouds 
are sq small that they reflect very little energy. 
Violent showers give intense echoes on the scopes. 
Storm echoes can be seen much farther than normal 
land targets, even under standard conditions, because 
of their great spread in the vertical direction. 

In discussing cloud reflections it must be clearly 
understood that there is no physical relation between 
cloud echoes and refraction; the mechanics of duct 
formation is not related to clouds, and with respect 
to the bending of radio waves a cloud is merely 
another airborne target. 


SUMMARY OF BASIC FACTS 
CONCERNING PROPAGATION AT 
RADAR FREQUENCIES 


1. Standard propagation results in a slight down- 
ward bending of the rays throughout the atmosphere, 
leading to an increase of the horizon distance com- 
pared to the geometrical value. It is taken into 
account operationally by using coverage diagrams 
with a % earth’s radius; on a diagram modified in 
this way the rays appear as straight lines. 

2. Guided propagation occurs almost exclusively 
in the lowest 2,000 ft above the ground and usually 
is confined to the lowest few hundred feet (except 
in warm climates). 

3. Effects of nonstandard propagation are negli- 
gible when the angle of elevation of the target is over 


1 degree. Failure of detection at such angles must be 
attributed to other causes. 

4. Of the meteorological conditions conducive to 
guided propagation or trapping, the most outstand- 
ing are: 

a. Over sea: flow of warm, dry air over colder 
water producing temperature inversions and 
evaporation into the lowest layers. 

b. Over land: nocturnal cooling of the ground 
with clear skies and calm air or light winds 
(if moisture distribution is favorable). 

c. Over both sea and land: low-level subsidence. 

5. Conditions in a barometric high, including calm 
and clear skies and especially low-level subsidence, 
favor trapping especially during the night (but do 
not necessarily produce it). Conditions in a baro- 
metric low, including strong winds, intense turbu- 
ence in the lowest layers, and overcast skies are 
conducive to standard propagation. 

6. When the transmitter is within the duct, radar 
range is increased for surface targets (ships) and air- 
craft flying in the duct. At the same time there is an 
increase in fixed echo strength and consequently in 
ground clutter on the scopes. This may be accom- 
panied by a change in the range of detection for 
craft flying above the duct. 

7. When the transmitter is outside the duct, the 
range may be either increased or decreased from its 
standard value. 

8. Superretraction resulting in guided propagation 
or trapping is produced: 

a. By a pronounced decrease of moisture with 
height (moisture lapse), or 

b. By a pronounced increase in temperature 
with height (temperature inversion), and 

c. Particularly, by a combination of both of 
the above conditions. 


PART III 
CONFERENCE REPORTS ON NONSTANDARD PROPAGATION 


Chapter 13 


TROPOSPHERIC PROPAGATION AND RADIO METEOROLOGY* 


FUNDAMENTALS OF PROPAGATION 


Significance of Propagation Problems 


HE CENTRAL PROBLEM of short and microwave 

propagation (at frequencies greater than 40 to 
60 mc) is the determination of accurate coverage 
patterns for a given transmitter. These patterns are 
usually calculated from electromagnetic theory and 
then may be checked by experiment. For communi- 
cation work the check is simple, namely, the estab- 
lishment of satisfactory communication. In the case 
of radar it. is necessary to calibrate by time-consum- 
ing airplane flights. 

Experience has shown that actual coverage is not 
constant in time but suffers large variations which 
are caused by the changeable refraction of the at- 
mosphere. The variations in weather conditions that 
influence the refraction often are irregular and very 
rapid, and it is technically impossible to test all these 
conditions. Coverage diagrams, therefore, must be 
based on the physical principles of wave propaga- 
tion, assuming that the characteristics of the atmos- 
phere remain constant for reasonable periods. These 
principles are outlined here. 

At the present stage of technical development it is 
not always permissible to ascribe an observed varia- 
tion in coverage to changing atmospheric conditions. 
Variations in transmitter output or receiver sensi- 
tivity are always likely to be present to a aegree 
sufficient to influence results considerably. In prac- 
tice it is often extremely difficult to tell these causes 
apart. In fact, investigations carried out with opera- 
tional radar-equipment make it probable that an in- 
crease in surface coverage due to favorable conditions 
- of refraction frequently passes unnoticed because of 
poor set performance. The coverage appears normal, 
while the set in reality is operating considerably be- 
low peak efficiency. 

A knowledge and understanding of the effects of 
weather upon propagation therefore will also be of 
help in checking set performance in the absence of 
suitable electrical equipment for measuring output 
and sensitivity. In dealing with coverage problems 
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this double aspect of propagation phenomena should 
always be kept in mind. By a suitable analysis of the 
various factors determining coverage, and by an in- 
telligent understanding of their interplay, the re- 
sponsible officer may achieve a better control of the 
operational performance of his equipment. 

In tactical operations and in planning, a knowl- 
edge of the nonvariable factors affecting propaga- 
tion, such as dielectric constant and conductivity of 
the ground or sea, contours of the terrain, vegetation, 
etc., is equally important. Many problems concern- 
ing these factors cannot be considered in this manual 


Factors Influencing Propagation 


This volume is confined to the propagation of 
waves within the troposphere and hence is not con- 
cerned with ionospheric propagation, which is re- 
sponsible for the long distance transmission of short 
waves (high frequency band). The higher the fre- 
quency above 30 me, the less frequently radio waves 
are returned to the earth by the ionosphere. Conse- 
quently very short radio waves are confined to the 
troposphere, and the treatment given here does not 
need to be supplemented by a study of the ionos- 
phere. Propagation in the lower atmosphere is called 
“tropospheric propagation” (see Figure 1). 


Figure 1. Tropospheric versus ionospheric propagation. 


The main factors influencing the shape of a cover- 
age diagram under these circumstances are: (1) re- 
flection by the ground, (2) diffraction by the ground 
contour, (3) refraction by the atmosphere, and (4) 
guided propagation by superrefraction in the lower 
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atmosphere. The present chapter deals mainly with 
refraction phenomena, but reflection and diffraction 
will be briefly considered. 

Refraction is influenced by the physical state of the 
atmosphere, in which the distributions of the temper- 
ature, pressure, and humidity are the most important 
elements. With refraction, rays are bent, and the 
electromagnetic energy flows along the curved ray 
paths. A situation frequently realized in practice is 
that in which the curvature of the rays is independent 
of height above ground. This is known as stanuard 
rejraction. The term standard propagation is used to 
designate propagation under conditions where the 
refraction is of the standard type. 

During the war years the increased number of ob- 
servations, which resulted from the world-wide use of 
radar, showed that, under certain weather conditions, 
radio field strengths may depart markedly from the 
values: expeeted with standard refraction. These 
deviations are now known to be attributable to a 
stratification of the atmosphere which is predomi- 
nantly horizontal and is produced by vertical yaria- 
tions in water-vapor content and temperature. Since 
these quantities control the index of refraction, and 
therefore the curvature of the rays, it follows that 
this curvature varies with the elevation above ground. 

Any stratification of the atmosphere tends to pro- 
duce a distribution of the radiated energy different 
from that which occurs in the standard atmosphere. 
Of particular importance is a type of stratification 
which results in a duct being formed in the atmos- 
phere. In this event, a portion of the wave energy 
may be-guided horizontally along the duct and may 
be effectively “trapped” within the duct’s upper and 
lower boundaries. This is known as “guided” propa- 
gation. The radiation energy may then travel to dis- 
tances far beyond the geometrical horizon, producing 
unusually long ranges for short wave receivers or 
radar targets. The phenomenon which tends to con- 
strain the wave energy to follow the duct is-called 
“superrefraction.’’ When this occurs, the rays in pass- 
ing through the inversion layer in the upper part of 
the duct are bent downward with a curvature which 
exceeds that of the curvature of the earth. The 
regions covered by the inversion layer and the duct 
are illustrated in Figures 15, 20, 22, and 23. The dis- 
tribution of moisture and temperature in the atmos- 
phere, responsible for the formation of ducts, is dis- 
cussed on page 152. 

As the stratification of the lower atmosphere that 
produces superrefraction is part of the weather, the 
prevailing meteorological conditions become of im- 
portance for problems of propagation and coverage. 
Meteorology as related to wave propagation is 
treated in the discussion on pages 152 -154. 


Reflection from the Ground. 


A coverage diagram is a curve, or a set of curves, of 
constant field strength in a vertical or horizontal 


plane. The horizontal coverage diagram is deter- 
mined chiefly by the antenna:pattern itself. In the 
vertical plane, however, the diagram depends pri- 
marily upon the interference between the radiation 
coming directly from the transmitter and that which 
is reflected from the ground or sea surface. This effect 
produces the lobe structure of the vertical coverage 
diagram. At the lobe maxima the two rays reinforce 
each other, while they cancel each other out, more or 
less, at the lobe minima. 

The propagation problem in its full generality 
leads to mathematical formulas of forbidding com- 
plexity. In order to understand the processes at work 
it is necessary to proceed in steps and gradually add 
refinements to the basic features of the problem. 

Consider first the field radiated from an antenna 
which is remote from the earth. This free space field 
decreases in strength in inverse proportion to the dis- 
tance, R,, from the transmitter and varies with the 
angular position in accordance with the shape of the 
radiation pattern of the transmitting antenna. Let 
this free space field strength at any point at distance 
R; be designated by Eb. 


GROUND 


Figure 2. Interference of direct and reflected rays. 


If, instead, the transmitter is placed near the 
ground, as at T in Figure 2, the field at any point in 
space is produced partly by the direct wave (giving 
the free space field Hp) and partly by the wave which 
is reflected from the ground. The resultant field is 
given by the vector sum of the two component fields. 

The magnitude of the field strength of the reflected 
beam depends upon: 


1. The antenna radiation pattern, which gives the 
relative strength of the radiation field for different 
directions. 

2. The attenuation, proportional to 1/R., resulting 
from the length of path R» of the reflected wave. 

3. The attenuation due to increased divergence of 
nearly parallel rays reflected from the curved earth. 
This is taken into account by the use of a divergence 
factor, D, which depends on range and heights of 
transmitter and receiver. 

4. The magnitude, p, that the coefficient of reflec-. 


136 TECHNICAL SURVEY 


tion of the ground would have if the ground were 
plane. The reflection surface for a spherical surface, 
F, is then equal to pD. 

5. Irregularities of the earth’s surface which affect 
the reflection coefficient. 

If Ey is the magnitude of the direct wave and F 
is the magnitude of the reflection coefficient, then 
the field strength of the reflected ray is FE. 

The phase difference between the direct and re- 
flected fields is given by an angle 6 which is the 
‘sum of: 

1. The phase difference, WY, resulting from the 
difference in path length, R2—R;; 

2. The phase difference, ¢, suffered by the reflected 
wave upon reflection from the ground. 

The amplitude of the resultant field for a non- 
directive antenna is then given by GE», where 


G = V1 + F? + 2F cos 6 (1) 


is the earth gain factor which is illustrated in Figure 2 


Ficure 3. Phase addition of direct and reflected rays. 


A curve drawn to represent the contour of constant 
field strength H=GE) as a function of the range Ri 
and the angle of elevation 6 gives the vertical cov- 
erage diagram for that particular field strength. Cal- 
culation of these diagrams usually requires a con- 
‘siderable amount of detailed and laborious work. 

Consider the simple case of the vertical coverage 
diagram of a horizontal dipole antenna located above 
a plane earth in a homogeneous atmosphere. If the 
plane of Figure 2 is perpendicular to the dipole axis, 
the radiation pattern of the antenna is a circle of unit 
radius. The ratio, F'2, of the magnitude of the re- 
flected wave to that of the incident wave is given by 
the magnitude, p, of the reflection coefficient. For 
‘propagation to distances that are great compared 
with the antenna elevation, the path lengths R, and 
R, are not greatly different, and the attenuation due 
to path length is approximately the same for both 
direct and reflected waves. For this set of conditions 
the resultant field is H=GE , and equation (1) 
reduces to 


G = V1+ p? + 2p cos 5° (2) 
In this form G is the plane earth gain factor and a 


plot of the curves #=GE,)=constant as a function of 
range and angle of elevation gives the coverage dia- 


gram. It depends only upon the magnitude of the re- 
flection coefficient, the phase changes related to re- 
flection and to the difference in path length R.—R,. 

Since radar requires t,.v-way transmission the re- 
ceived field strength is proportional to G?/R?,. Other 
modifying factors must, however, be introduced if the 
antenna and the target have directional radiative, 
properties 

Both the magnitude of the reflection coefficient 
+F and the phase angle by which the reflected 
wave lags behind the incident wave are functions of 
the frequency, the polarization of the radiation, the 
angle of grazing with the surface, the conductivity, 
dielectric constant, and roughness of the ground or 
‘sea surface. Figure 4 illustrates the variation of 
F(=p) and ¢ for reflection from a smooth plane sea 
surface for frequencies of 100 to 3,000 me, for both 
types of polarization, at different grazing angles. It 
may be noted that for horizontal polatization p is 
approximately unity and ¢ nearly 180°, irrespective 
of the frequency and the magnitude of the grazing 
angle. This is the simplest situation to be encountered 
and most nearly approximates the idealized case of 
a perfect reflector with horizontal polarization. For 
this case p is exactly unity, and ¢ ds exactly 180°. 

For vertical polarization over the sea or either type 
of polarization over ground, both p and @ depart 
widely from unity and 180°, respectively. Variations 
ir these quantities greatly complicate the calculation 
of coverage diagrams. 

The reflection coefficient of microwaves is usually 
found to be small over land. This is essentially due to 
irregularities of the land surface. When these irregu- 
larities are sufficiently small, reflection from land is 
found to be considerable. 

Since the receiver, or target, is usually located at a 
distance from the transmitter which is large in com- 
parison to the height above the ground, the direct 
and reflected rays are very nearly parallel, making an 
angle 6 with the horizontal (Figure 2). The reflected 
Tay may be supposed to issue from an image trans- 
mitter 7’, which fs as far below the ground as the 
true transmitter is above it. The path difference be- 
tween the direct and reflected rays is equal to the 
distance T’A. By. the figure this is equal to 2h; sin B, 
where h; is transmitter height. For small values of 8 
this is practically equal to 2:8 if B is measured in 
radians. The corresponding phase shift due to path 
difference is equal to 


Y= Mp. 


At the point of reflection the phase of a ray changes 
discontinuously by the amount ¢, which is the phase 
angle of the reflection coefficient. For horizontal 
polarization, to again take the simplest case, the 
phase shift @ at reflection is practically 180°, or 
m radians. (For vertical polarization, see Figure 4, ¢ 
is more complicated.) Adding the phase change W, 
corresponding to difference in path length, gives the 
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complete phase change 6 in the form 
V+¢= hip" -++ x (for horizontal polarization) .(3) 


Maximum values of the earth gain factor G occur 
when 6 is an integral multiple of 27; minimum values, 
for odd integral values of +. The corresponding 
values of the angle of elevation B are given by 


te 


(for horizontal polarization.) 
If the reflection coefficient F of the surface is 
assumed to be unity (see Figure 4) the plane earth 
gain factor G, from equation (2), reduces to 
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of reflection coefficient for sea water. 


which fluctuates between the limits of 2 and zero. 
The coverage diagram drawn for propagation over 

a perfectly conducting plane on horizontal polariza- 

tion is illustrated in Figure 5. Asan example, consider 


FLAT EARTH 


T 
Fieure 5. Simplified coverage diagram. 


f=200 mc, \=1.5 m, 4: =30.5 m. The values of 6 
for the first three lobe maxima are 0.68°, 1.37°, and 
2.05°, and the maximum ranges are twice the free 
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space values. The angles at which the minima occur 
lie half way between. The scale of vertical distances 
is greatly exaggerated compared with the horizontal 
scale. Coverage diagrams for the same frequency and 
transmitter height, but taking account of the earth’s 
curvature, are shown in Figure 24. 

Coverage diagrams for more complicated situa- 
tions must take into account, in addition to the 
factors already mentioned, the curvature of the 
earth, the refraction of the atmosphere, and diffrac 
tion into the region below the line of sight. 


Ficure 6. Use of equivalent ground plane. 


When the ground is sloping, the above construction 
may be modified as indicated in Figure 6. For any 
specified lobe, determine approximately the part of 
the ground where reflection takes place. Draw a 
tangent to the ground in this region and determine 
the perpendicular projection of the antenna site or 
this plane (“equivalent ground”’). Use the equivalent, 
height thus determined in equation (8), and let the 
angle 6 refer to the plane of the equivalent ground. 
This procedure is also required when the transmitter 
and receiver or target are of comparable height so 
that the reflection point is not near the transmitter, 

When the transmitter is set up near a coast, the 
lobe pattern over the ocean will undergo periodic 
variations caused by the tides. Since, in equation (8), 
B is multiplied by hi, it follows that the lobes will be 
low at high tide and high at low tide. This phenom- 
enon may become very important for heightfinding 
sets. 

A more complicated case occurs if ground reflec- 
tion is not complete. Then p is less than| unity, and ¢ 
differs from 480°. In this event*the lobes have max- 
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Fieure 7. Coverage diagram for incomplete reflection. 


ima which are less than twice the freé space field and 
minima which never reach zero. The angular posi- 
tions of the lobes are changed somewhat, but the 
most noticeable change is found on the lower side of 
the first lobe. It is likely to lie at a lower elevation 
and reaches the ground at some distance from the 


transmitter (compare Figures 5 and 7). 


Refraction—Snell’s Law 


The bending of rays in the atmosphere depends 
upon the refractive index n which is a function of the 
temperature, pressure, and moisture content of the 
air. The manner in which these quantities control the 
index of refraction is explained on pages 142-143 Toa 
first approximation, assuming horizontal stratifica- 
tion of the atmosphere, the index may be considered 
to be a function only of height above the ground. The 
corresponding case, familiar in optics, is that of two 
media, such as water and air, with different refrac- 
tive indices m and m_(Figure 8A). If a1 and a2 are the 
angles between the rays and the plane of the bound- 
ary, Snell’s law of refraction states that 


N, COS a1 = Ne COS Ao. 


In the atmosphere the refractive index changes 
continuously with height. The simplest case, often 


2 


Oy BOUNDARY REFERENCE. 


n=n(h) v1 


A 8B 


Fieure 8. A. Refraction at a sharp boundary. B. Re- 
fraction through a layer with variable n. 


encountered in practice, is that of a refractive index 
which decreases linearly with height. This is known 
as standard refractions Snell’s law applies here also, 
since the atmosphere may be divided up into an in- 
finity of parallel boundaries, the change of refractive 
index from one boundary to the next being infinites- 
imally small. Instead of a sudden change of direction 
there is then a gradual change or bending of the rays 
(Figure 8B). Snell’s law may then be stated gen- 
erally as 


nN COS a= COS ao , 


where now 7 and @ are continuous functions of height 
and the zero subscript on the right-hand side refers to 
any fixed reference level. The curvature of the re- 
fracted rays is downwards or upwards according to 
whether the refractive index decreases or increases 
with height. 


Refraction over a Curved Earth 


In reality the surfaces of constant refractive index 
are not planes but are contentric spheres about the 
earth’s center. In this case Snell’s law assumes a 
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slightly different form. Instead of using angles re- 
ferred to the plane surfaces it is now necessary to 
refer the angles to horizontal planes tangent to 
spheres about the center of the earth (see Figure 9). 
The new form, as given on page 165, is 


Mr COS A=ANp COS ao , (4) 


where r and a are values of the radius vector from the 
center of the earth to a point in the atmosphere and 


oh 


Ficure 9. Refraction through a curved layer. 


to the earth’s surface, respectively. a now stands for 
the angle formed by the ray with a plane normal to 
the radius vector. ao and 7 are the values of a and n 
at the ground surface. 

If h is the height above the ground surface, so that 
r= h-+a, the above equation may also be written 
in the form 


. n (1+ 2) cos a = np £08 a1 (5) 


h/aisa very small quantity, and n differs from unity 
by only a few parts in 10,000. Under these conditions 
n(1 + h/a) may be replaced by n + h/a with neg- 
ligible error. The quantity n + h/a is called the 
modified refractive index, or the modified index for 
short Equation (5) then assumes the form 


(» + *) COS @ = No COS an. (6) 


As a result of general agreement it is customary to 
“use, instead of n + h/a, the symbol M defined as 
follows: 


M = (n4+2—1) 108. (7) 
At the surface of the ground M reduces to 
My= (nmo—1) 10°. (8) 


Hence M is the excess of the modified refractive in- 
dex above unity, measured in units of one millionth. 
This unit is called an M unit [MU]. Values of M for 
the atmosphere lie in the range of 200 to 500. Cus- 
tomarily M is referred to simply as the modified 
index of refraction. 

Using the numerical value for the radius of the 
earth, 6.37 X 10°m (21 X 10 ft), the rate of increase 
of M with height, owing to the term h/a, is (1/a) 10, 
which is equal to 0.157 MU per meter (0.048 MU per 
foot). As the result of a large number of experiments, 
carried out chiefly in the northern temperate lati- 


tudes, the rate of decrease with height of the re- 
fractive index has been found, on the average, to be 


an 6 — 11 igs 
adh 105 = ae 10 
= —0.039 MU per meter . (9) 
This is the rate of decrease assumed for the standard 
atmosphere. 


It will be noticed that the average rate of decrease 
of n with height is one quarter of the rate of increase 
of the term h/a which results from the curvature of 
the earth. The fact that these quantities are of com- 
parable magnitude is of great importance, as will be 
seen later. 

Consequently the vertical gradient of M for the 
standard atmosphere is 


dM _ dn il 5 
a= (Gta) 


= Gj — 1 6 
= ¢:) 10° = Tay (10) 
(3) 
which has the value 0.118 MU per meter (0.036 MU 
per ft). The value of M at any height, relative to the 
surface value Mo, for the standard atmosphere, is 
equal to 
M—M,=0.118 h; h in meters, 
M—M,=0.036 h;_ h in feet. (11) 


Equivalent Earth Radius— 
Flat Earth Diagram 


An important conclusion may be drawn from 
equation (11). As will be shown on pages 14'6-147, 
dn/dh is the negative of the curvature of a ray in the 
atmosphere, and 1/a is the. curvature of the earth. 
The algebraic sum of these two quantities (their 
numerical difference) is the curvature of the ray 
relative to that of the earth. The net result is this: if 
the earth is replaced by an equivalent earth with an 
enlarged radius equal to 4a/3 the rays may be drawn 
as straight lines. To state the result in another way: 
using the equivalent earth with radius equal to 4a/3 
corresponds to replacing the actual atmosphere, in 
which the index n decreases with height, by a homo- 
geneous atmosphere with an equivalent index n’ 
which is independent of height (see Figures 10, 11, 13, 
14, and 15). This transformation of coordinates great- 
ly facilitates the calculation and interpretation of cov- 
erage diagrams for the standard atmosphere. 

More generally, if the rate of change of n with 
height differs from the value—(1/4) (1/a) 10° MU 
per meter given above, which may be true in certain 
parts of the world, the equivalent earth radius de- 
parts from the value 4a/3. In general the equivalent 
earth radius is designated by ka. For a steeper drop 
of refractive index with height, & increases and be- 
comes infinite when the curvature of the ray is just 
equal to the curvature of the earth. 
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In the general case, when k is not equal to %, 
equation (11) must be modified to the form: 


M — M, = — 105, 
a 


ll 
S 
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h in meters , 


ll 
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j=) 
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h in feet , (12) 


to account for a linear moisture gradient correspond- 
ing to a different value of k. 

Since the change of the earth’s radius takes care of 
the variation of refractive index and substitutes a 
homogeneous atmosphere for the actual atmosphere, 
it follows that in a diagram in which the earth is 
given a radius ka, the radiation propagates along 


TRANSMITTER 


Ficure 10. Ray curvature over earth of radius a in an 
actual atmosphere. 


straight lines. The difference is illustrated in Figures 
10 and 11. In Figure 10, which shows the true geo- 
metrical conditions, the radio horizon appears ex- 
tended as compared to the geometrical horizon, be- 

1.2 


=25C -20C 


iN 


SSN 
= 


cause of the curvature of the rays. In Figure 11 the 
rays have been straightened out, but a line that was 
straight in Figure 10 appears curved in Figure 11. 
The value of % for k is a good average for the at- 
mosphere in the middle latitudes. For particular 


fas | 


Ma MMMM, 


Ficur£ 11. Rays in a homogeneous atmosphere. Equiv- 
alent radius ka. 


atmospheric conditions the value of k may be con- 
siderably different. The moisture content of the at- 
mosphere is small at the low temperatures of the 
arctic regions and increases considerably with the 
higher temperatures of the tropics. However, the 
value of k depends more particularly on the manner 
in which the moisture content varies with height 
above the surface of the earth, and to a lesser extent 
on the distribution of temperature with height. 
Figure 12 has therefore been constructed to show the 
dependence.of k& on the gradient of relative humidity, 
measured in per cent per 100 m, for a series of surface 
temperatures varying between 7)>=—30C and 
T, = +40C. It has been found convenient to plot 
1/k rather than k itself. The lines drawn correspond 
to the assumption of saturation humidity at the 
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Ficure 12. Graph: 1/k versus RH gradient and temperature for 100 per cent RH at ground. 
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ground; if the humidity at the ground is less than 
100 per cent the correction read from the auxiliary 
table is added to the value of 1/k obtained from the 
graph. The standard temperature gradient of —0.65 
C per 100 m is assumed for all the curves. 

The curves of Figure 12 indicate that as the tem- 
perature increases, smaller and smaller values of rela- 
tive humidity gradients are required to produce 
changes in k of considerable magnitude. This should 
be of greater importance in the tropics where the 
moisture content is relatively high. 

Changing k from its standard value of.% has an 
important influence on the strength of the field at any 
point in space. Though it is not easy to state the re- 
sult in general terms for any position, it is possible to 
evaluate the change in field strength near the surface 
(below 60 m altitude for 600 me and somewhat higher 
for lower frequencies) and well within the diffraction 
region, for moderate changes in k. Here the decibel 
attenuation below that for the free space field is de- 
creased approximately in the ratio k2. Tf, for in- 
stance, k changes from % to 8, the original decibel 
attenuation is to be divided by 3.3. To state the mat- 
ter another way, the range at which a given field 
strength is found -will be increased approximately in 
the ratio #2. This has an important bearing on the 
problem of propagation for communication purposes 
in this region. 

Tt has been shown above that a linear variation of 
refractive index can be. converted into a change of 
earth’s curvature. The reverse process is equally 
feasible: to eliminate the earth’s curvature by using 
a modified refractive index curve. This is a general 
procedure which involves no assumption about the 
variation of refractive index with height. From tlie 
equations in this section, it is seen that the effects 
of the earth’s curvature are equivalent to those of a 
refractive index increasing linearly with height at the 
rate of 1/a. Hence one effectively flattens the earth, 
thus eliminating the curvature effect, by adding to 
the refractive index the term h/a. In other words, 
the angles between a ray and the horizontal over a 
curved earth are the same as the angles between a 
ray and the horizontal over a flat earth when the re- 
fraetive index n has been replaced by n + h/a. In 
practice, the quantity M defined by equation (7) is 
used. If M increases steadily with height, which is the 
case for the standard atmosphere, the rays appear 
curved upwards on a flat earth diagram, which is 
illustrated in Figure 13. 

Summarizing, it is seen that three types of graphi- 
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Ficure 13. Rays in a plane earth diagram. 
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Ficurn 14. Shape of lobes as affected by method of 
representation. 


cal representations of a coverage diagram may be 
used. (These are illustrated in Figure 14 for the 
lowest lobe.) 

1. The true geometrical representation. With 
standard refractive conditions the lobes appear bent 
downwards. Refractive index n decreases with height. 

2. The equivalent earth radius representation. 
Earth’s radius changed to ka (normally k=%). For 
standard refractive conditions the lobes appear 
straight. Equivalent refractive index n’ is inde- 
pendent of height since the equivalent atmosphere is 
homogeneous. 

3. The flat earth representation. The earth’s sur- 
face and other surfaces of constant height have been 
flattened out. For standard refractive conditions 
the lobes appear bent upwards. Excess modified 
index M increases with height. 

The quantities n, n’, and M for these three cases 
are illustrated in the left-hand series of diagrams 
in Figure 15. 


The Horizon— Diffraction 


From simple geometrical considerations it can be 
shown that two points at elevations h; and he are 
within sight of each other when their distance is less 
than the horizon distance d, (Figure 16) given by 


dn = V 2kahi + V 2kahe , (18) 
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Figure 15. Types of index curves. 


where d,, a, and hare all expressed in the same units. 


For the particular value of k=%, 


= V17hi + V1The*, (14) 


where d, is measured in kilometers and h is in meters; 
and 


dy = V/2hi + V2h2 , (15) 
where d, is given in statute miles and A in feet. 
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Ficure 17. Diffraction and interference fields at height 
h,. Field strength at 50 statute miles over sea water in 
db relative to field at 1 m from transmitter. Horizontal 
polarization. Transmitter height 30 feet. 


The field strength at different elevations hz (Figure 
16) for a given range varies in the manner illustrated 
in Figure 17. The field is given in decibels; relative to 
the intensity at 1 m from the transmitter, for a range 
of 50 miles over sea. water for frequencies of 100, 200, 
500, and 3,000 me. The horizon elevation for this 
point is 888 ft. Above point P in Figure 16, is the 
interference region where, with increasing height, the 
field strength first increases rapidly and then oscil- 
lates between maxima and minima determined by 
the lobe patterns of the coverage diagrams. 

Below point P, the field strength declines rapidly 
with decreasing height to a minimum at ground 
level; the rate of decrease is larger for the higher fre- 
quencies. Neither the direct nor the reflected rays 
can penetrate into this region, which therefore, re- 
ceives radiation entirely by diffraction of the energy 
around the earth’s curvature. 

‘Radar targets are rarely visible when they are in 
the diffraction region. This is certainly true for air- 
plane targets. Very large targets, such as warships or 
islands, are occasionally visible in this region; but 
more often the detection of targets is caused by 
superrefraction. For communication work, on the 
other hand, the diffraction region is of importance, 
especially at the longer wavelengths. 


ATMOSPHERIC STRATIFICATION 
AND REFRACTION 


Origin of Refractive Index Variations 


The variation with height of the index of refraction 
n controls the curvature of rays in the atmosphere. 
The value of n exceeds unity by only a few hundred 
parts in a million and may be computed from the 
following formula: 


79p _ lle i 3.8 X 10%e 
T T 1? 


(n — 1) 108 = - (16) 
in which n = index of refraction at height h above 
ground; 

p = barometric pressure of the atmosphere 
in millibars at height h. (1 mm Hg 
pressure = 1.334 mb); 

e = partial pressure of the water vapor in 
millibars (order of 1 per cent of p); 

T = absolute temperature ((C + 273) at 
height h. 


In equation (16) the term 1le/T is very small in 
comparison with the other terms and may, without 
serious error, be neglected. This simplification has 
been used in obtaining the values in ‘the last two 
columns of Table 1 and in designing the nomogram, 
Figure 19. 

Workers in the field may prefer to use mixing ratio 
(practically equal to specific humidity) in place of 


TROPOSPHERIC PROPAGATION AND RADIO METEOROLOGY 143 


Tas.E 1. Standard atmosphere with 60 per cent relative humidity. 


NACA standard atmosphere 


Dry air Dry air 
Altitude, Temp, pressure, index, 
meters Cc mb (n — 1)10° 

0 15.0 1013 278 
150 14.0 995 274 
300 13.0 977 270 
500 11.7 955 265 
1000 8.5 894 251 
1500 5.2 845 240 


Moist standard atmosphere 


e(mb) Moist 

for air index, M= 

60% RH (n — 1)10° (n + h/a — 1)10° 

10.2 825 325 

9.6 318 342 

9.0 312 359 

8.3 304 382 

6.7 283 440 

5.3 266 501 


the water vapor pressure. The relation is given by 


POI! pe ores = at (17) 


where s is in grams of water per kilogram of air. 

The variation of n with temperature and relative 
humidity for an air pressure of 1,000 mb is illustrated 
in Figure 18. It is seen that the refractive index de- 
pends on humidity more critically than on tempera 
ture. The dependence on humidity is greater at the 
higher temperatures where a given relative humidity 
represents a larger amount of water vapor. 

In practice it is customary to use the modified 
refractive index given by 


m= (n+2—1) 108 OP +. 


+ 0.157h (h in meters) 
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Ficure 18. Relation of x to temperature and relative 
humidity. 


In order to compute M directly from temperature, 
relative humidity, and height data, the nomogram 
(Figure 19) has been constructed. Detailed instruc- 
tions for its use are given. 

The National Advisory Committee on Aeronautics 
[NACA] standard atmosphere commonly used in 


aeronautics assumes a sea level pressure of 1,013 mb 
( = 760 mm Hg) and a sea level temperature of 15 C 
decreasing at a rate of 6.5 C per kilometer in the 
lower atmosphere. The NACA standard atmosphere 
is not concerned with the moisture content. In the 
actual atmosphere the. moisture may vary between 
extremely wide limits, but as a typical value a rela- 
tive humidity of 60 per cent may be assumed as the 
standard condition. This corresponds to a water 
vapor pressure of approximately 10 mb at sea level 
and a rate of decrease of water vapor pressure in the 
lower levels of about 1 mb per 1,000 ft. At higher 
levels the rate of decrease of the water vapor pres- 
sure is less rapid. These conditions are represented in 
Table 1 for the atmosphere up to 1,500 m. 

Both the dry and the moist standard atmosphere 
exhibit a very nearly linear increase of M with 


‘height. According to equation (12), 


M—M,= = - 108° = 0.157 ; h in meters . 


By using this formula in conjunction with Table 1 it 
is easily shown that k = % for the dry standard 
atmosphere, and k = % for the standard atmos- 
phere with a 60 per cent relative humidity. This 
value of & is the one commonly adopted in coverage 
diagrams corrected for standard refraction. 

Because of the great variability of the moisture 
content of the atmosphere with season, geographical 
location, etc., a moist standard atmosphere has a 
limited physical significance. The standard should 
rather be defined in terms of a fixed linear slope of 
the refractive index, and for this purpose the value 
k =% has been chosen. 


The Measurement of Refractive Index 


The lower atmosphere frequently is stratified by 
nonstandard distributions of temperature and hu- 
midity which vary rapidly and irregularly as func- 
tions of the height. The refractive index is then no 
longer linear but has a more complicated dependence 
on height, determined from equation (16). The strati- 
fication which is of particular importance in tropo- 
spheric propagation is found in the lower part of the 
atmosphere, that is, below about 4,000 to 5,000 ft 
and frequently in the lowest few hundred feet above 
ground. 

Since the variation in the atmospheric pressure 
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gradient is small, interest is mainly centered in the 
dependence of the modified refractive index M on the 
temperature and humidity distributions. Methods, 
useful in the field, have been developed for obtaining 
rapid determinations of temperature and humidity in 
the lowest levels of the atmosphere. The ordinary 
radiosonde (radiometeorograph) is not well adapted 
for this purpose since it is usually designed to give 
data at levels about 100 m apart, which often is not 
close enough to reveal the significant details of the 
M curve. Consequently it has proved to be necessary 
to develop new instruments for this purpose. 

Several types of instruments have been designed 
which can be placed on towers, or carried by slow- 
flying airplanes or dirigibles or carried aloft by captive 
balloons or kites with wires connecting the tempera- 
ture and humidity elements to measuring or record- 
ing equipment located on ground or aboard ship. 

Some such measurements have been made with 
instruments using electrical methods in which dry 
and wet electrical resistance elements are connected 
into a circuit to givé-“dry bulb” and “wet bulb” 
temperatures. Another electrical method uses the 
same “dry” temperature element but, in place of 
the wet bulb, obtains a relative humidity measure- 
ment by using an electrolytic humidity element of 
the type employed in the U. S. Weather Bureau 
radiosonde. Hair hygrometers; are definitely not 
suitable for this type of work on account of their 
lag in adjusting themselves to changes in relative 
humidity (of the order of 3 to 5 min for appreciable 
changes in humidity). 

Measurements made from airplanes have the 
advantage that it is possible to survey a compara- 
tively large area within a short time. This can be of 
great importance along coasts where conditions in 
the lowest levels of the atmosphere sometimes change 
rather rapidly with increasing distance from the 
shore. In the absence of suitable special equipment 
an ordinary psychrometer held out of the window of 
a plane will give quite satisfactory results in slow- 
flying planes, providing care is taken to keep the 
wet bulb sufficiently moist. When measurements are 
made from an airplane the height above the. ground 
is determined for each measurement by mez 1s of 
the plane’s altimeter. Unless carefully done this 
introduces the possibility of considerable error. 

In another method captive balloons, kites, ordi- 
nary radiosonde balloons, and, occasionally, barrage 
balloons have been used to carry the measuring 
elements aloft. Ordinary captive balloons will work 
in wind. speeds up to about 8 miles per hour; in 
higher winds kites or, occasionally, barrage balloons 
are used. Kites can be flown from boats even at low 
wind speeds or in calm weather. With this type of 
equipment the electrical measuring elements aloft 
are connected to an indicatiag or recording instru- 
ment at the ground or aboard ship by means of fine 
insulated wires wound around the balloon cable. 


Types of Modified Index Curves 


A large number of meteorological soundings of 
the lower atmosphere have been carried out by 
several laboratories and Service units. From these 
measurements the modified index curves have been 
calculated as a function of height, and it has been 
shown that practically all these curves fall into one 
of the six types illustrated in Figure 20. 
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Ficure 20. Types of M curves. 


For the standard atmosphere the M curve increases 
with height as shown in curve I. For nonstandard 
atmospheres, the M curves will take one or another 
of the forms. illustrated in curves Ia, Ib, II, Illa, 
and IIIb. Of particular interest are those curves in 
which M decreases with height for a range of alti- 
tudes. (This deorease is the result of a sufficiently 
sharp decrease in n with height as illustrated in 
Figure 15.) In this event an inversion layer is formed 
in the atmosphere. 

Throughout the range of altitudes of decreasing 
M the curvature of the rays exceeds the curvature 
of the earth. Nearly horizontal rays which either 
originate in, or penetrate into, this layer are trapped, 
and, if the layer extends far enough, energy may be 
carried to distances far beyond the geometrical 
horizon. However, the region in which the-waves or 
rays are trapped may have a thickness or depth 
exceeding that of the inversion layer. This region is 
known as a duct. Its precise definition may be taken 
from Figure 20. It is the strip between an upper 
minimum of the M curve and either the ground or 
the point where the vertical projection from the 
upper minimum intersects the M curve. There are 
two main types of ducts, the ground-based duct, 
illustrated by curves II and IIIb, and the elevated 
duct, illustrated by curve IIIa. 

The height in the atmosphere at which the varia- 
tions in refractive index occur may vary from a few 
feet to several hundred or even a few thousand : 
feet. These variations are likely to be found at fairly 
low elevations in cold climates and at the higher: 
elevations in warm climates. The meteorological con- 
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ditions which yield these various M curves are 
described on pages 152 -164 

The opposite effect occurs when the M curve takes 
the substandard form (curve Ib in Figure 20). Here 
the lower portion of the M curve has a slope which 
is less than standard. In this event the rays in the 
lower atmosphere are bent downward to a lesser 
degree than in the standard atmosphere or may 
even be bent upward. Depending to some extent 
upon the elevation of the transmitter, the field 
strength in the substandard region may be reduced 
considerably below normal, even to the point of 
producing a radar and communication “blackout.” 
If the M curve is steeper than average in the lowest 
layers, the transitional case arises (curve Ia). Here 
a slight change in the temperature and moisture 
distribution might lead to a curve of type II and 
a duct. 


Rays in a Stratified Atmosphere 


Nonstandard vertical variations of refractive index 
occur frequently in the lower atmosphere. In addi- 
tion there may be gradual variations in the horizontal 
direction. So far, the theory of propagation has not 
reached a stage where such horizontal variations can 
be taken into account. Unless otherwise stated it is 
always assumed that the stratification extends hori 
zontally as far as the coverage of the transmitter 
and that the variation in the M curve is entirely 
vertical. Weather conditions often are sufficiently 
homogeneous horizontally to warrant this assump- 
tion, but there are exceptions, mainly near coasts 
(see pages 152-164) 

Only those rays are affected by the vertical varia- 
tions of refractive index in the lower atmosphere 
which leave the transmitter at a very small angle. 
Both theoretically and practically it has been found 
that the effects of nonstandard refraction are negli- 
gible for rays that leave the transmitter at an angle 
with the horizontal of more than about 1.5°. Rays 
that leave at an angle with the horizontal of less 
than 1.5°, and especially those emerging at angles 
with the horizontal of 0.5° or less, are strongly 
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affected by nonstandard refraction. This part of the 
transmitter radiation is of paramount importance in 
early warning radar and in communications. For 
such applications of radar as gun-laying or search- 
light control the effects of nonstandard propagation 
are usually negligible because the rays which reach 
the target have emerged from the transmitter at a 
fairly large angle with the horizontal. 

The progress of a ray through the stratified atmos- 
phere is described by Snell’s law, discussed previously 
(p.188) When the angle a between the ray and the 
horizontal is small 


a? 


2 y 
provided @ is expressed in radians. 

Introducing this into Snell’s law for a curved 
earth, equation (6), noting that n + h/a =1+ M- 
10-* and neglecting second order quantities, it is 
seen that 

3 (a? — ay?) = (M — M,)10°. (18) 


cosa = 1 — 


Since a is the angle which the ray makes with the 
horizontal it is equal to dh/dz, the slope of the ray. 
Solving equation (18) for a, 

a = Fe yo? + 20 — MO. (19) 
These relations apply to any two levels provided a 
and ap are the angles at the levels to which M and 
Mo refer. 

Equation (19) provides a technique for tracing the 
paths of rays emitted by a transmitter at various 
angles with the horizontal, and it indicates how their 
passage through the atmosphere is controlled by the 
variations of the modified index. Although this ray 
tracing method is only an approximation of the true 
solution of the wave equation, it can be used, subject 
to certain limitations, for computing quantitatively 
the strength of the field. The approximation breaks 
down when neighboring rays cross each other and 
form caustics. 

The method may be illustrated by the case of 
standard refraction with k = %. As shown in Figure 
21, draw the M curve with a slope ka = 4a/3. Let 
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Ficure 21. Rays in the standard atmosphere. 
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_ the subscript 1 stand for the transmitter level (of 


height f,). Pass a vertical line through the corre- 
sponding point M, of the M curve. Lay off the 
distance a2/2 to the left of M, for a particular ray, 
1, which emerges from the transmitter at angle a 
with the horizontal. In order to make « and M 
comparable numeri¢ally, the factor 10~® should be 
eliminated from equation (18) above. For this pur- 
pose a? should be measured in the same unit as M, 
that is, in 10-* radian. The distance between M and 
1 at any height,h then is equal to (M — Mj) + a:’/2, 
and by equation (19) the square root of twice this 
quantity is equal to the slope of the-ray at height h. 
Hence, ray 1 starting downward from the transmitter 
is bent more and more toward the horizontal as h 
decreases. At point P this ray becomes horizontal 
and from there on increases in slope with increasing 
height. 

Ray 1’ starting upward from the transmitter at the 
same angle a: continues to curve upward more and 
more rapidly as the height increases. Ray 2 is the 
horizon ray which represents the limit to which rays 
can be directed by refraction. Beyond this lies the 
diffraction region where ray tracing cannot be used. 
To study the field in the diffraction region the original 
wave equation must be used. Ray 3 is reflected from 
the ground and in crossing some of the other rays 
produces the phenomenon of interference. In connec- 
tion with Figure 21 it must be emphasized that the 
height scale is tremendously exaggerated and that 
all the rays shown come from a small group which 
are propagated in a nearly horizontal direction. 

Sometimes it is convenient to express the path of 
the ray in terms of ray curvature. The true curvature 
of a ray as it appears on an undistorted (curved 
earth) ‘diagram is different from the curvature exhi- 
bited by a ray on a plane earth diagram. The true 
curvature of a ray is given by 1/p, where p is the 
radius of curvature, and it can be shown that, for 
nearly horizontal rays, this is related to the gradient 
of n by 


J dn 

aii (20) 
However, the relative curvature of the earth with 
respect to that of a ray is (1/a) — (1/p). Now let 
us § . this equal to the curvature 1/ka of an equiv- 
alenu earth. Then 


1 1 1 
a aaa (21) 
and, introducing equation (20), 
(ios ee (22) 
pee tier on 
dh 


This amounts to a definition of k which is more 
general than the one introduced before on page 140 
but reduces to the latter when the index curve varies 
linearly with height. 


For a plane-earth diagram, M is used in place of n. 
Since 


M = (n + ee 1) 108, 
a 


dM 1 dn 

rai = + («4 + 1) 10". 
Substituting the last equation into equation (22) 
gives 
my lidh 


eS Gaal 


10° (23) 
and shows that k, in its most general form, is propor- 
tional to the slope of the M curve. Reference to 
Figure 20 shows that & assumes negative values for 
a range of altitudes whenever a duct is formed in 
the atmosphere. 

These relations may also be expressed in terms of 
m, where 


ee 
Ti = (24) 
is the ratio of the radius of curvature of a ray to 
the radius of the earth. From equation (22) it follows 
that 


aE eeuitie (25) 
Both & and m vary with height except in the special 
circumstance that the M curve is linear. Table 2 
gives a number of corresponding values of k and m 


and indicates their significance. 


TaBLE 2. Relation of k and m. 
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The Duct—Superrefraction 


When the M curve has a negative slope, k is 
negative; the curvature of the rays is concave down- 
ward on a plane earth diagram, and the true curva- 
ture of the rays is greater than the curvature of the 
earth. Hence rays which enter the duct under suffi- 
ciently small angles are bent until they become 
horizontal and then are turned downwards. This 
particular form of refraction is called superrefrac- 
tion. Such rays will be trapped in the duct, oscillating 
either between the ground and an upper level, or 
between two levels in the atmosphere. These condi- 
tions are illustrated by Figure 22 for the case of a 
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ground-based duct and by Figure 23 for an elevated 
duct. 

The detailed construction of a ray diagram in the 
case of am elevated duct is shown in Figure 23. It 
is assumed, for illustration, that the transmitter is 
placed at the point which produces the maximum 
amount of trapping, and this point turns out to be 
located at the maximum of the bend in the M curve. 
The vertical line for M, corresponding to h; is drawn 
as shown, and again the line 1 is drawn to the left 
of M, at the distance a,?/2, to represent ray 1 which 
departs from the transmitter at angle a: measured 
from the horizontal. As the ray proceeds outward 
and downward it is bent less and less, corresponding 
to the decreasing distance between the M and 1 
lines. Finally it reverses and rises to the height 
indicated. Ray 1 must therefore oscillate between 
the heights determined by the crossing of the M and 
1 lines. Ray 1’ starting upward at the same angle a; 
oscillates between the same height limits as ray 1. 

Rays 2 and 2’ emerging at angle a, are the limiting 
rays which are trapped in the duct between the 
heights h, and h,. Beyond the horizon ray 3 and 


below the duct lies the diffraction region for this 
case. Ray 4 emerging at an angle greater than a, is 
not trapped but atter reflection passes entirely 
through the duct. 

Ground-based ducts are likely to be found along 
coasts where warm, dry air from over land flows out 
over a colder sea. This situation, for instance, prevails 
in the summer months along the northeastern coast 
of the United States. Elevated ducts occur frequently 
along the southern California coast. 

An illustrative series of theoretical coverage 
diagrams as obtained by the ray tracing method 
described are collected in reference 448. A few of 
these diagrams are reproduced in Figure 24, for a 
frequency of 200 me and a transmitter elevation of 
hy = 100 ft, corresponding to an h;/) ratio of approxi- 
mately 20. The height scale is exaggerated in the 
ratio 40/1. Transmission over sea water is assumed. 
The coverage range is adjusted to “define the 
probable low-level zone of detection of a medium 
bomber with fair aspect by an SC-1 or SC-2 radar 
at 100-ft elevation. For SK radars and higher alti- 
tude installations, the diagrams are conservative. 
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Ficure 23. Rays with an elevated duct. 
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For SC and SA radars or for lower altitude installa- 
tions, they are optimistic.”’ 

Figure 24A shows the lobe structure for the 
standard atmosphere in which M increases 36 MU 
per 1,000 ft. It also shows the value of M — Mioo; 
that is, the M curve is drawn so as to pass through 
zero at the transmitter elevation of 100 ft. On 
diagrams B through E the lower portion of the 
standard lower lobe is indicated by a dash-dot line. 
The blind zones are cross-hatched, and their boun- 
daries represent the calculated limits of detection. 
An interesting feature of these diagrams is the 
appearance, in some cases, of blind zones of consider- 
able range and altitude along the surface. These 
cause “skip ranges” for ground targets that are 
significant in operational problem’. Ray diagrams 
were used in calculating the field strengths in 
Figure 24. 

The relative heights of the transmitter and the 
duct have an important bearing on the mechanism 
of transmiesion. The dutt may develop entirely 
below the transmitter site or entirely above, or the 
duct may include the transmitter. With these alter- 
natives a variety of propagation conditions is 
possible. 

One of the important concepts of radiation theory 
is contained in the principle of reciprocity. This 
principle states that when a transmitter is at a point 
in space A, and the receiver at a point B, the 
received intensity is the same when they are inter- 
changed, the transmitter being at B and the receiver 
at A. (It is assumed in making this statement that 
the transmitter and receiver may be regarded as 
point sources.) Similarly, for radar the signal inten- 
sity remains unaltered if the positions of radar and 
target are interchanged. It is known that there are 
serious limitations to the reciprocity principle where 
ionospheric reflections are involved, but for shorter 
waves and tropospheric propagation the principle 
may be applied without restriction. By means of 
the reciprocity principle any coverage diagram may 
be used to obtain the field strength when the heights 
of the target and the radar are interchanged. 

From a study of such evidence on coverage 
diagrams as is available, it appears that (a) the 
effects of superrefraction are most marked when the 
transmitter lies in the duct; (b) they exist to a lesser 
degree if the transmitter lies below the duct: in 
particular no excessively long ranges for targets are 
then found above the duct—sometimes the ranges 
are extended slightly, other times slightly decreased; 
(ec) for a transmitter above the duct no excessive 
changes in field strength occur below the duct—this 
can be deduced from (b) by using the reciprocity 
principle; (d) there is no appreciable superrefraction 
when the transmitter lies appreciably above the duct. 

For some time-after the discovery of superrefraction 
it was thought that the concentration of radiative 
energy in the duct might result in a decrease of the 


ALTITUDE 
FEET 


2 


M-M409 NAUTICAL MILES 
BLIND ZONE [=—7ZONE OF DETECTION 40 


200 MC TRANSMITTER ELEVATION 100 FEET 50 
Ficurs 24. Calculated coverage diagram. 


amount of radiation above the duct and hence in a 
reduction of coverage there. The cases illustrated in 
Figure 24, at least, are not in accord with this 
presumption. In spite of the great increase in ranges 


_ in the duct the amount of energy trapped is small 


compared to the total energy of the radiation field. 


Wave Picture of Guided Propagation 


It must be realized that while ray treatments give 
accurate results under certain conditions, there are 
features of the propagation problem which can be 
satisfactorily discussed only on the basis of the 
electromagnetic wave equations. As an aid to under- 
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standing the wave treatment the close analogy 
between the functioning of a duct and a hollow metal 
waveguide (or dielectric wire) may be used. In both 
cases the field which is being propagated may be 
represented as the sum of an infinite number of 
terms (modes). Each waveguide mode is propagated 
with a separate phase velocity and an exponential 
attenuation factor and has a field aistribution over 
the wavefront that is independent of distance in the 
direction of propagation. 

In a metallic waveguide a finite number of modes 
are propagated with very small attenuation, while 
the remaining modes, infinite in number, have 
attenuations so high that they are, practically speak- 
ing, not propagated at all. The same division of 
modes into those that are freely propagated and 
those that are highly attenuated is found for duct 
propagation. In the duct, however, the difference 
between the two types of modes is less pronounced 
than in a hollow metal tube. 

As the frequency is decreased, the number of 
transmission modes decreases both for the hollow 
metal tube and the duct until the cutoff frequency 
is reached, below which neither serves as a wave- 
guide. For simple surface trapping (discussed on page 
145) , the following formula gives the approximate 
maximum value of the wavelength for which guided 
propagation inside the duct can still take place: 


Amax = 2.5d VAM - 10°. 
Here d is the height of the top of the duct above the 
ground in the same units as \z,x, and AM is the 
decrease in M inside the duct. This relationship is 
represented in Figure 25 where, it should be noted, 
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Figure 25. Maximum wavelength trapped in simple 
surface trapping. Duct width d in feet. AM is total 
decrease of M in duct. 


the duct width is given in feet and the wavelength 
in centimeters. When the wavelength exceeds the 
critical value obtained from this graph, guided 


propagation is no longer to be expected. M curves 
of different shapes will require slightly different 
numerical factors in the formula. 

The main difference between the modes is found 
in the vertical distribution of field strength. The first 
three modes for a simple ground-based duct are 
illustrated in Figure 26. The lowest mode has 
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Figure 26. Vertical distribution of field strength for 
first three modes in a duct. 


approximately 38 of a cycle of an approximate sine 
wave, followed by an exponential decrease. Higher 
modes have multiples of half cycles added to ‘the 
sinusoidal part. 

How these modes must be combined to give the 
total field strength and its vertical distribution is a 
question which depends on the height of transmitter, 
the distance out to the point where the total field 
strength is to be obtained, the rate of attenuation of 
each mode as a function of the distance, and its 
phase velocity. Since the attenuation and the phase 
velocity are different for the various modes, the 
vertical distribution of the total field changes with 
the distance from the transmitter, and the number 
of modes composing the total field decreases with 
increasing distance. 


Reflection from an Elevated Layer 


This phenomenon has been studied extensively at 
San Diego. The meteorological situation there is 
rather unique in that the warm and extremely dry 
upper air overlies a cooler and very moist lower 
stratum. The transition between the two layers is 
very sharp. This gives rise to an elevated duct of 
the type exhibited by the M curves of Figures 24D 
and 24K. Often the reversal of the M curve takes 
place over an even narrower interval of height than 
shown in these graphs. In such cases there is a 
reflection analogous to the reflection of waves at a 
true discontinuity between two media and which 
cannot be accounted for by the bending of rays. 

At an interface between two media of different 
refractive indices there is partial reflection of radia- 
tion for any angle of incidence, but when the 
phenomenon (partial reflection and partial trans- 
mission) takes place in a layer of finite thickness, 
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the reflected radiation is appreciable only at angles 
near grazing (less than 1° under the conditions found 
at San Diego). Furthermore, other things being 
equal, the reflection coefficient increases with increas- 
ing wavelength. This feature distinguishes the reflec- 
tion by a layer from the duct effects produced by 
this layer, as the latter generally tend to become less 
pronounced for longer waves. The reflection gives 
rise to an additional field strength near the ground, 
often well beyond the optical horizon. 

Transmission experiments carried out at San Diego 
at frequencies between 50 and 500 me gave results 
that are explained satisfactorily on the basis of 
reflections of the type just described but not on the 
duct theory. Thus most of the ducts caused by 
reversals of the M curve of the type shown in Figure 
24D will be beyond cutoff for a frequency of 50 me, 
as indicated on page 150. No guided propagation 
should therefore be expected, whereas the observed 
field at the receiver, located well beyond the optical 
horizon, was consistently very high. 

At a frequency of 500 me the reflection is found 
to be highly critical with respect to the angle of 
incidence at the reflecting layer. When meteorological 
conditions are such that the layer is high (3,000 to 
4,000 ft), and therefore the angle of incidence large, 
the intensity of the reflected radiation is found to 
be very low; when the layer forms at a low level 
(a few hundred feet only) the reflected radiation 
becomes very strong. This behavior agrees with the 
predictions of electromagnetic theory. 

So far, the experiment at San Diego is the only 
instance where a clear-cut case of reflection by an 
elevated layer has been found, although indications 
of similar effects have been observed elsewhere. 
Whether or not this phenomenon will occur at other 
places in or near the subtropical belt is not conclu- 
sively known since our knowledge of meteorological 
conditions in these climates is far from complete. 
Tf it does occur, it will obviously be of great opera- 
tional significance. 


Operational Applications 
RaDAR 


Ground radars have experienced most of the effects 
of propagation in nonstandard atmospheres so far 
observed operationally. Phenomenal ranges on ship 
and low-flying airplane targets have been observed, 
especially in the Mediterranean area, the Arabia- 
India area, in Australia, and the Southwest Pacific 
theaters. In the United States and Europe ground- 
based ducts over land have occasionally produced 
fixed echo clutter seriously interfering with the 
plotting of aircraft targets over land. This ground 
clutter interference is especially troublesome with 
microwave early warning sets plotting targets over 
land. On ground radars with high pulse repetition 
rates, echoes from large distances frequently return 


on the second or later traces. Such echoes interfere 
with first sweep echoes and sometimes.are misinter- 
preted as having ranges appropriate to the first 
sweep, with serious tactical consequences. 

One of the most serious operational consequencés 
of superrefraction is a secondary effect, that of 
misleading operators as to the overall performance 
of the equipment. Long-range echoes caused by 
superrefraction have frequently been assumed to 
indicate good condition of the equipment, when 
precisely the opposite is actually the case. The 
phenomenon of superrefraction does not, however, 
in the same degree invalidate the measurement of 
signal-to-noise ratio of nearby echoes, as a criterion 
of relative overall set performance. Field strengths 
frem nearby objects well within the optical horizon 
are far less subject to propagation variations. Echo 
strengths (signal-to-noise ratio) from nearby objects 
are still considered a good relative index of overall 
performance, provided that easily recognized echoes 
can be measured which are not sensitive to very 
small changes in the radar frequency. There are 
other sources of echo fluctuations such as the motion 
of objects (trees, towers) caused by the wind (import- 
ant at wind speeds above 15 miles per hour). Great 
care is needed in the choice of fixed echo “standards” 
so that they are kept free of the effects enumerated. 
Sometimes artificial echoing objects are constructed 
of flat mesh screens perpendicular to the beam in 
order to secure suitable echoes which are not 
frequency sensitive. The extreme variability of long- 
range fixed echoes emphasizes the operational need 
for reliable test equipment for making quantitative 
tests on the components as well as on the overall 
performance of the equipment aspects of radars, as 
distinct from propagation effects. 

In addition to the direct electrical checks on set 
performance there are a number of ways of making 
sure indirectly whether any failures of detection by 
radar may be due to a deformation of the coverage 
pattern by superrefraction. In the first place, super- 
refraction rarely affects detection at angles of eleva- 
tion above about 1.5°. Any irregularity at higher 
angles must be attributed to other causes. Even 
between 0.5° and 1.5° failures of detection are excep- 
tional and oecur only where there are very strong 
ducts. A clue to the probability of occurrence of such 
conditions can be ascertained from a study of the 
primary meteorological effects which cause them; 
and even with only a moderate amount of meteoro- 
logical information it is usually possible to make an 
estimate of this probability. Such superrefractive 
conditions almost invariably show up in intensified 
and extended ground echoes (ground clutter on the 
scopes) and, in case of an overwater path, in extended 
ranges of ship detection. A record of meteorological 
data will be very helpful in deciding, after the fact, 
whether any specific failure of aircraft detection 
might have been ascribed to weather. Even if this 
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is probable, there are, of course, a number of other 
operational causes that might be responsible rather 
than the weather. 

Experience gained in England indicates that the 
technique of forecasting whether or not superrefrac- 
tion occurs is, on the whole, fairly successful, but 
there are still many occasions when the predictions 
are not fulfilled. It has been intimated that in 
England this was due, at least partly, to variations 
in the sensitivity of the 10-cm set used; when the 
set is not at peak efficiency, maximum ranges of 
‘surface targets appear shortened, and the coverage 
in the duct may be reduced to a value corresponding 
to standard conditions. 

A major problem in any early warning radar 
system is that of heightfinding by means of maximum 
ranges. On this it is difficult to make general state- 
ments. The method of heightfinding usually employed 
in long-range radar work consists in using the boun- 
dary of the lowest lobe as a height indicator, assum- 
ing that when the target is first sighted it has just 
entered the lowest lobe. When superrefraction is 
present, the height estimated in this way can be 
seriously in error. It may be too high if the enemy 
is flying in the duct, so that he is discovered earlier 
than he would be normally; or it may be too low if 
the enemy is flying in the region above the duct and 
so he is discovered later than he would be under 
standard atmospheric conditions. Here, again, it 
should be possible to find out whether repeated 
errors in height determination are the result of 
superrefraction or whether they are due to faulty 
calibration or to other features not related to the 
weather. Other methods of heightfinding, such as 
are used in fighter control and control of antiaircraft 
fire, are usually carried out at angles of elevation too 
large to be affected by nonstandard types of 4tmos- 
phere. 


VHF ComMuNICcATIONS AND NAVIGATIONAL AIDS 


The extension of the maximum range of very high 
frequency [VHF] navigational aids has already been 
mentioned as an important consequence of super- 
refraction. Similar extensions of communication 
ranges of VHF radio sets also occur. Because VHF 
air-to-ground communications are relied upon only 
for comparatively short-range communications, this 
extension of the normal range by atmospheric 
conditions is important primarily from a security 
standpoint. It must always be borne in mind that 
transmissions on VHF may frequently be propagated 
‘hundreds of miles beyond the normal limiting range 
and are subject to enemy interception. Superrefrac- 
ition has also been observed to cause very objection- 
able mutual interference between two control towers 
attempting to use a common VHF channel, although 
the distance between the airports was great enough 
to prevent serious mutual interference under normal 


conditions. Point-to-point VHF radio links are also 
affected by refraction, over longer paths than optical. 


Rapio COUNTERMEASURES 


The laws of radio propagation enter into the 
problem of jamming the enemy communication and. 
radar equipment. Since it is rarely possible to locate 
the jamming transmitter coincident with the enemy 
transmitter whose signals it is desired to mask, the 
efficiency of propagation of the signals from the 
enemy transmitter relative to those of the friendly 
transmitter enters into the problem. This has been 
worked out in detail for the standard atmosphere. 
When conditions are not standard, however, the 
effectiveness of the enemy transmitter, as determined 
for standard conditions, no longer applies. A case of 
special interest occurs when an airborne jamming 
transmitter is used as a countermeasure against an 
enemy radio communication link operating between 
two points on the ground. If the meteorological 
situation is such as to be favorable to formation of 
a ground-based duct the enemy signals may be 
propagated with small attenuation, whereas the 
signals from the jamming transmitter may be unaf- 
fected or even weaker than would normally be 
expected. 

Plans for the employment of ground-based jammers 
against enemy radio and radar systems should take 
into consideration the ability of atmospheric refrac- 
tion to increase, or occasionally to decrease, the 
signal propagated to the enemy’s installation for 
jamming purposes. However, there has been only 
limited use of ground-based jamming so far. Unin- 
tentional mutual jamming has occurred between the 
spaced radar sets of a coastal system on the same 
frequency, where nonstandard propagation condi- 
tions caused strong signals to be propagated between 
normally noninterfering radars. 


RADIO METEOROLOGY 


Temperature and Moisture Gradients 


This section is devoted to a survey of the meteoro- 
logical conditions which produce the various types 
of propagation described in the preceding sections. 
This brief outline is not intended to replace the 
assistance of a professional meteorologist in analyzing 
short and microwave propagation problems; but by 
familiarizing radar or communications personnel with 
the fundamental physical processes of low-level 
weather it may open the way toward a more fruitful 
consultation with the meteorologist. 

Duct formation is the most important phenomenon 
for which a detailed knowledge of the physical state 
of the lower atmosphere is required. Whenever a 
duct is formed, M decreases with height within a 
certain height interval. Since, according to text on 
pages 139- 143 ,M = (nm — 1) - 10® 4+ 0.157h, the 
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existence of a duct presupposes that the refractive 
index n decreases with height over at least a limited 
range of altitudes at a rate more rapid than 0.157 
MU per meter. Such a deerease can be produced by 
two different meteorological conditions. 

1. A rapid increase of temperature with height. 
This temperature inversion must be very pronounced 
in order, by itself, to produce a duct. In practice, a 
temperature inversion contributes to duct formation 
when accompanied by a sufficiently strong moisture 
lapse. 

2. A rapid decrease of humidity with height desig- 
nated as a “steep moisture lapse.” 

When ducts are produced by only one of these 
causes, they may be designated as “dry ducts” and 
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“wet ducts,” respectively. In the general case a 
temperature inversion and a muisture lapse cooperate 
in producing a duct, but one of the two factors will 
be preponderant, thus facilitating the analysis of the 
meteorological problem. 

Whether or not a duct occurs under given meteoro- 
logical conditions and what the-rate of change of M@ 
is inside the duct may be determined by means of 
the diagram, Figure 27. (This discussion is presented 
for the purpose of illustrating the importance of 
temperature and moisture gradients. The technique 
more readily usable in practice is to compute the 
values of M at various altitudes directly from tem- 
perature and relative humidity data with the aid of 
Figure 19.) The abscissa in Figure 27 is the rate of 
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Figure 27. Temperature and humidity gradients. 


154 TECHNICAL SURVEY 


decrease of humidity with height (—de/dh), where e 
is the water vapor pressure in millibars. (e can be 
found from meteorological tables when relative 
humidity and temperature are known.) The ordinate 
is the rate of increase of temperature with height 
(dT /dh).The slanting lines represent various values of 
temperature and relative humidity at some particular 
height h. The lines passing through the same point 
at the upper right of the diagram correspond to the 
same mean temperature; lines of different slopes 
represent different mean relative humidities. 

In order to determine the rate of change of M at 
a given level, find the point in the diagram corre- 
sponding to the actual rates of change of moisture 
and temperature. Also pick out the straight line 
representing the actual mean values of temperature 
and humidity in the layer considered. If the point 
is at the lower right relative to this straight line, M 
decreases with height in the layer chosen; that is, a 
duct exists. If the point is at the upper left of the 
straight line, M increases with height and there is 
no duct. 

The rate of change of M, (dM/dh), may be 
obtained from the diagram by measuring the hori- 
zontal distance from the point to the line and 
multiplying by the function of the temperature f(T) 
given in the table on Figure 27. The result is the 
value of dM/dh, the rate of change of M, in M units 
per 100 m. This quantity is negative when the point 
is to the right of the line and positive when the point 
is to the left of the line. 

It is seen at once from the diagram that for small 
values of the moisture lapse an extremely steep 
temperature gradient is required in order to produce 
a duct (lower left part of the diagram). In cold air 
such as is found in the arctic the total moisture is 
small, and hence the moisture gradient will in general 
be quite small. Ducts will then only occur when a 
very strong temperature inversion exists. 

Strong temperature inversions occur only under 
special meteorological conditions which will be 
discussed below. Ordinarily the temperature of the 
air decreases with height; and this will put our 
representative point into the upper part of Figure 
27. A duct can then exist only when the moisture 
lapse is large enough, so that the representative 
point falls to the right of the appropriate slanting 
line. Such ‘conditions are common in the lower 
atmosphere. This leads to a wet duct, which is 
determined almost completely by the moisture lapse. 


Physical Causes 
of Stratification— Turbulence 


There are three basic meteorological factors which 
tend to modify the temperature and moisture distri- 
butions in the lowest layers of the atmosphere. These 
are: (1) advection, (2) nocturnal cooling (over land), 
and (8) subsidence. 


Advection is a meteorological term used to desig- 
nate the horizontal displacement of air having 
particular properties. Advection is of great interest 
in propagation problems particularly because it leads 
to an exchange of heat and moisture between the air 
and the underlying ground or sea surface and thus 
affects the physical structure of the lowest layers. 

Nocturnal cooling over land is caused by a loss of 


heat from the ground by infrared (heat) radiation. 
The cooling of the ground is communicated to the 
lower layers of air and leads to the establishment of 
a low-level temperature inversion. 

Subsidence means a slow vertical sinking of air 
over a very large area. It is most likely to be found 
in regions where barometric Highs are located. 
Subsidence tends to produce a temperature inversion 
and also produces very dry air which, spreading out 
over a humid surface, creates a situation which is 
favorable for the formation of a duct. 

The processes (1) and (2) change the physical 
characteristics of the air through transfer of heat 
or moisture between the air and the underlying 
surface of the ground or sea. The operating factor 
in this exchange is turbulence. The main features 
of turbulence in the lower atmosphere are outlined 
briefly below. 

Convection occurs spontaneously whenever the 
decrease of temperature with height exceeds a value 
of about 1 C per 100 m. This convective condition 
is usually produced as a result of the heating of the 
ground by the sun’s rays. Even with a cloudy sky 
the diffuse daylight often is strong enough to produce 
moderate convection. On a hot summer day convec- 
tion over land extends to great heights. Convection 
mixes the air thoroughly and thus causes a uniform 
distribution of moisture and a uniform decrease of: 
temperature with height of about 1 C per 100 m. 
Hence even moderate convection tends to produce a 
smooth M curve which varies linearly with height. 
Standard conditions may therefore be assumed to 
prevail on clear summer days (and not infrequently 
on clear days in the cooler seasons) from the hours 
of late morning until late afternoon, during which 
time convection is most active. 

Frictional turbulence occurs frequently in the lower 
atmosphere even in the absence of convective condi- 
tions. It is caused by the wind and requires the 
presence of at least light winds, but with moderate 
or strong winds the effect is more pronounced. In 
conditions of calm or with a gentle breeze, frictional 
turbulence is confined to the lowest strata. Moderate 
or strong winds develop a layer of intense turbu- 
lence, caused by friction of the air at the irregularities 
of the ground. This layer is usually quite well defined 
in height and extends to an average elevation of 
about 1,000 m over land. Over a relatively smooth 
sea where friction is small the height of the layer is 


-much reduced. In this frictional layer the air becomes 


thoroughly mixed; the vertical temperature gradient 
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caused by convection is about —1 C per 100 m, and 
the moisture lapse is steady and rather small. 
Standard refraction will therefore prevail when winds 
are moderate to strong over land, and over the ocean 
also when the winds are sufficiently strong. 
Temperature inversions occur when the temperature 
of the surface (sea or land) is appreciably lower than 
the temperature of the air. The transition from the 
ground temperature to the free air temperature takes 
the form shown in Figure 28. The heat and moisture 
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Ficure 28. Air temperature versus height for an 
inversion. 


transfer caused by turbulence in a temperature inver- 
sion is less simple than that in a frictional layer. 
The turbulent processes active in inversion regions 
are highly complex and are not yet very well 
explored.It is known, however, that the intensity of 
the vertical transfer of heat and moisture is greatly 
reduced as compared to the rate of transfer with 
frictional turbulence. The reduction is the more 
pronounced, the steeper the vertical increase of tem- 
perature; in a steep inversion the rate of transfer 
may be many times less than in a frictional layer. 
This tends to produce a vertical stabilization of the 
air layers in the inversion region. As soon, therefore, 
as a temperature inversion has begun to form, the 
rapid mixing in the lowest layers, usually effected 
by frictional turbulence, stops and is replaced by a 
much more gradual diffusion. 

Assume now, for instance, that the rate of diffusion 
has become so slow that the transfer of moisture over 
a height of a few hundred feet takes many hours or, 
perhaps, a day or two. When the air in the inversion 
is dry to begin with and flows over ground capable 
of evaporation (the sea or moist land) there will be 


established, in such an air mass, a steep moisture 


lapse, since the water vapor that has been taken up 
by the air near the ground will only gradually diffuse 
into the dry air aloft. Conditions are then favorable 
for the formation of an evaporation duct, in addition 


to whatever tendency toward duct formation may 
be caused by the temperature inversion itself. 


Advective Ducts—Coastal Conditions 


Advective formation of ducts may occur both over 
land and over sea, but this process is most important 
over the ocean near coasts. The most common illus- 
tration is that of air above a warm land surface 
flowing out over a cooler sea. Over the land the air 
will usually have acquired a convective or nearly 
convective temperature gradient of —1 C per 100 m. 
When this air flows out over the cool water surface, 
a temperature inversion is rapidly formed which 
grows in height as the process of turbulent transfer 
progresses. The temperature inversion does not, in 
itself, give rise to a pronounced duct because the 
effect of a temperature gradient upon the M curve 
is relatively small; but when the air is dry, evapora- 
tion from the sea surface takes place simultaneously 
with the heat transfer, and a moisture lapse rate is 
established in the lowest layers. The combination of 
temperature inversion and moisture lapse rate is 
most favorable for the formation of a duct off shore. 

The gradual formation of this type of duct is 
illustrated in Figure 29. This shows M curves, corres- 
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Ficure 29. Development of duct off coast. Initial state 
corresponds to air at coast line. 14 hr, 14 hr, etc., refer 
to time air has been over water. Initial conditions for 
this set of curves: unmodified air Tp = 32 C, e = 12.3 
mb; water 7 = 22 C, e» = 26.5 mb saturation. 


ponding to the simple surface type of trapping (see 
Figure 20, curve II) for a series of time intervals 
(and distances) as the air moves out over the water. 
The top of the duct is given by the elevation of the 
minimum value of the M curve. It will be noticed 
that the duct acquires a maximum depth some time 
after the air has touched the cold water surface; 
thereafter the depth decreases. The cause of this 
behavior is found in the progressive decrease in 
moisture and temperature differences which is the 
final result of the diffusion process. Thus the final 
stage of this transformation is an air mass whose 
temperature and moisture distributions are in equi- 
librium with the underlying water surface and no 
longer show a rapid variation with height. 

Duct formation in such a case depends on two 
quantities: (1) the excess of the unmodified air 
temperature above that of the water and (2) the 
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humidity deficit, that is, the difference of the satura- 
tion vapor pressure corresponding to the water tem- 
perature minus the actual water vapor pressure in 
the unmodified air. If these quantities are large, 
especially the humidity deficit, a duct will develop. 
A great variety of local conditions may, however, 
be encountered in problems of this type, and empiri- 
cal rules developed for one locality may not at all 
apply to others. 

Advective processes may also occur over land, but 
the conditions required for duct formation are likely 
to be found much less frequently. Evaporation over 
land need by no means be small unless the land 
surface is very arid (desert) ; in fact, evaporation over 
a moist soil or a ground covered with vegetation may 
be comparable to, or even larger than, evaporation 
from a sea surface. A duct may therefore be formed 
when dry, warm air flows over a colder ground surface 
capable of evaporation. The temperature excess and 
humidity deficit may again be defined as above. 

Land and sea breezes often produce ducts near 
coastal regions. These winds are of thermal origin 
and are produced by temperature differences between 
land and sea. The mechanism is illustrated in Figure 
30. During the day, when the land gets warmer than 
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Ficure 30. Land and sea breezes. 


the sea, the air rises over the land and descends over 
the sea and causes an air circulation in which the 
wind blows from sea to land (sea breeze) in the lowest 
levels. Vice versa, if during the night the land becomes 
colder than the sea, a circulation in the opposite 
direction arises. This is the land breeze. As a rule, 
this type of phenomenon is extremely shallow, and 
the winds do not extend above a few hundred feet 
at the most. Often there is a reverse wind in the 
layer above the land or sea breeze layer. A sea breeze 
may modify the advective conditions described above 
in various ways, and extremely strong ducts have 
been observed repeatedly under sea breeze condi- 
tions. The land and sea breezes are of a strictly local 
nature and in some cases will extend only a few 
kilometers to both sides of the shore. Nevertheless 
this region may be an important part of the trajec- 
tory of radiation. These breezes develop only under 
fairly calm conditions; under conditions of moder- 
ately strong wind, the sea and land breeze will be 
perceptible only as a slight modification of the 
existing wind. Because of their limited extent, fore- 
casting of these breezes requires a study of the local 
wind and temperature conditions. 

Advective ducts caused in the manner described 
here are often quite limited horizontally. This is 
especially true if a sea breeze is involved. The 


assumption made throughout this report, namely 
that the stratification of the air is of infinite extent 
horizontally, will no longer be valid, and superrefrac- 
tion may be restricted to a stretch along the coast. 


Ducts over the Open Ocean 


A type of duct that is somewhat similar to the 
advective duct described above is found over the 
open ocean where the air has had an extensive over- 
water trajectory. It has been studied in experiments 
carried out at the island of Antigua in the West 
Indies. The subsequent description refers to this 
particular location, but on the basis of experience 
gained operationally and in other experiments it may 
be presumed that similar conditions prevail in 
numerous other regions of the world, particularly in 
the trade wind regions. 

At Antigua, in winter and early spring when these 
tests were made, the wind is usually from the north- 
east since the island is situated at the southeastern 
fringe of the so-called Bermuda High, a large semi- 
permanent circulation system over the North 
Atlantic, extending from about 10° to 30° North 
latitude. The air at Antigua has thus had an ocean 
trajectory of thousands of miles. The relative hum- 
idity is of the order of 60 to 80 per cent, indicating 
that in spite of the long passage over the sea no 
diffusion equilibrium has been established between 
the sea surface and the moisture in the lower atmos- 
phere. On the other hand, there is little difference 
between the air and sea temperature, the latter 
being rather constant at 25 C and the former varying 
between 23 and 26 C. The air is, therefore, nearly 
in convective thermal equilibrium with the sea sur- 
face, and no appreciably “dry” duct can develop. 
The duct is caused by the moisture variation in the 
lowest layers. 

A typical M curve is:shown in Figure 31. 1t may 
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Figure 31. M curve over West Indian Ocean. 
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be seen that at as small a height as 0.5 m above the 
sea M has a value much lower than at the surface 
itself. As the surface value of M is obtained by the 
assumption that the air in immediate contact ‘with 
the water is saturated with moisture, this indicates 
that 0.5 m above the water the moisture content of 
the air is still appreciably below saturation. The 
moisture in the lowest levels is subject to consider- 
able variations caused partly by turbulence, partly 
by the waviness of the sea surface. M curves, such 
as Figure 31, are obtained by averaging over several 
measurements. 

These ducts are much lower than the advective 
ducts discussed in the previous section; their height 
is about 12 to 15 m (around 40 ft). The effective 
decrease of M in the duct (apart from the sharp 
decrease in the lowest half méter) is of the order 
of 4 to 8 MU. 

The latter figure depends somewhat on the wind 


speed. There is a maximum decrease of 8 MU at Bo 
wind speed of about 8 m per sec (13 miles per hour) »”! 


‘and lower values for both lower and higher wind 
speed. The duct height in turn shows a very slight 
dependence on wind speed, increasing somewhat with 
increasing speed. 

These ducts are so low that they are not very 
effective for trapping of waves even as short as S 
band, presumably on account of strong leakage (see 
pages 149-150), and signal strength is not increased 
when an S-band transmitter or receiver is placed 
inside the duct. For K band, on the other hand, the 
trapping effect is marked; on raising the transmitter 
or receiver from the ground a maximum of signal 
strength is observed at about 9 m, but from there on 
the signal begins to decrease up to about 20 m (overall 
decrease 5 db) ; at greater heights the signal gradually 
rises again. 

These ducts appear to be a permanent feature at 
Antigua, at least during the season these observa- 
tions were carried on. This is probably true also for 
many locations in the trade wind belt. The daily 
variation of weather phenomena and of duct charac- 
teristics at such purely maritime locations seems to 


be insignificant. 
Nocturnal Cooling—Daily Variations 


A daily variation of surface temperature occurs 
only over land. During the day the heating is caused 
by the sun’s rays, and the cooling of the ground 
surface during the night is produced by radiation 
from the ground. The diurnal temperature variation 
of the sea is extremely small. However, shallow 
bodies of water sometimes have an appreciable 
diurnal variation. 

The radiation which-causes nocturnal cooling of 
the ground is temperature or heat radiation which is 
composed of waves in the infrared portion of the 
spectrum. It is the same kind of radiation that is 
given off by a hot stove or electric heater, but since 


the temperature of the earth is less than that of a 
stove the earth emits comparatively less heat radia- 
tion. Nevertheless, radiation is a very powerful agent 
in cooling the ground. From about sunrise until the 
late afternoon, the surface of the earth gains more 
heat from the sun and atmosphere than it loses by 
radiation to space; in the late afternoon and during 
the night, the surface loses more heat than it gains. 
The amount of heat radiated is very nearly inde- 
pendent ct the physical constitution of the ground 
but is dependent upon its temperature and increases 
very rapidly with a rise in ground temperature. 

The atmosphere has a “blanketing” effect upon 
the infrared radiation emitted by the ground. The 
atmosphere itself absorbs and emits infrared radia- 
tion, and the cooling of the ground may be greatly 
reduced by the action of the atmosphere. The 
blanketing effect is least with a clear sky and dry, 
cool air; it is somewhat stronger when, with a clear 
sky, the atmosphere is-very warm and humid, as in 
the tropics. A cloud will produce a distinct blanket- 
ing effect, and with a complete overcast of low cloud 
the blanketing is so pronounced that the nocturnal 
cooling of the ground is reduced to only a small 
fraction of its value with clear skies. 

The loss of heat from the ground is distributed by 
turbulence over the lowest layers of the atmosphere, 
thus giving rise to a temperature inversion. Inver- 
sions of this type are strongest in temperate and 
cold climates with a clear sky and cold, dry air 
overhead; they are less pronounced in the tropics 
with humid air and a clear sky and are practically 
absent with an overcast sky. A meteorologist, after 
some experience, can estimate the magnitude of an 
inversion to be expected with given local weather 
conditions. 

Temperature inversions, by themselves, can at 
best produce only weak ducts, but strong ducts may 
result when the inversion is accompanied by a suffi- 
cient moisture lapse. This requires that the air be 
dry enough to allow evaporation into it from the 
ground. In warmer climates where the transition 
between night and day is rapid, evaporation may 
set in in the early hours of the morning before the 
nocturnal inversion has been completely destroyed 
by the action of the sun. A strong duct will then be 
formed for a short period. This condition seems to 
be frequent during certain seasons in Florida. 

It is obvious that the shape of the M curve, when 
it deviates from the normal, may undergo rapid 
variations with the period ef a day. One example 
has just been quoted; another is illustrated by the 
advective ducts over the North Sea produced by the 
mechanism described on pages 155-156. These ducts 
usually form in the hours before midnight and last 
until the early hours of the morning. 


Fog 
Contrary to what might perhaps be expected, the 
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formation of fog results, in general, in a decrease of 
refractive index. When fog forms, e.g., by nocturnal 
cooling of the ground, the total amount of water in 
the air remains substantially unchanged, but part 
of the water changes from the gaseous to the liquid 
state. The contribution of a given quantity of water 
to the refractive index is found to be far less when 
the water is contained in liquid drops than when it 
exists in the form of vapor. The formation of fog, 
therefore, results in a reduction of the amount of 
water vapor contributing to the value of M. If there 
is a temperature inversion in the fog layer, the 
saturation vapor pressure increases with height, and 
a substandard M curve frequently results (see Figure 
20, curve Ib). This occurs with radiative fog (caused 
by nocturnal cooling of the ground) and also with 
advective fog (caused by the advection of warmer 
air over a cooler surface). Advective fog is very 
common in the Aleutian Islands and off Newfound- 
land. 

If fog causes a substandard M curve, it is to be 
inferred that the rays will be bent upward, instead 
of downward as with superrefraction, and lead to a 
weakening of the field in the lowest layers, even to 
the point of producing a complete fade-out of radio 
reception. Appreciable reduction of radar ranges and 
interruption of microwave transmission have 
frequently been observed in such cases. 

Fog, however, does not always produce a sub- 
standard M curve, though this is the most common 
case. In certain other less frequent types of fog, the 
temperature (and thereby the vapor pressure) may 
be constant or increase with height through the fog 
layer. In this event near-standard propagation will 
prevail, or a duct may develop when the temperature 
inversion is strong enough. An example is steam fog, 
formed when cold air passes over a warm sea (see 
also pages 160-164). 


Subsidence— Dynamic Effects 


The temperature inversions discussed so far owe 
their existence to the modification of air by contact 
with the ground, but subsidence inversions are 
produced by a mechanism of an entirely different 


nature. By subsidence is meant the sinking of air, - 


that is, a vertical displacement, which must of course 
be accompanied by a lateral spreading (divergence) 
in the lower part of the subsiding column of air; 
otherwise there would be an accumulation of air in 
the lower levels. The thermodynamic analysis of this 
complex process shows that if the effect of subsidence 
is strong enough a temperature inversion will be 
created. Since this process does not require the 
presence of a ground surface, it may occur, and in 
fact often does occur, aloft in the atmosphere. The 
effects of subsidence frequently are the most pro- 
nounced at an elevation of the order of a kilometer 
or more. 


As a general rule, subsidence occurs in regions of 
high barometric pressure. In fact, subsidence always 
does occur in such regions, but it may not always be 
intense enough to give rise to a strong temperature 
inversion. The flow of air in a barometric High is 
shown in Figure 32 as it appears on a weather map 
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FiGureE 32. Characteristics of subsidence. 


in horizontal projection, and also in a vertical cross 
section. 

With subsidence, the air as a rule is very dry, and 
there is nothing in the process which can change the 
moisture content or produce moisture gradients. If, 
however, the dry air finds itself over a surface capable 
of evaporation, such as the sea surface, a steep 
moisture gradient may be established and a duct 
will be created. It is thus seen that subsidence in 
itself does not produce a duct, except in extreme 
cases, but it can act as an auxiliary factor and greatly 
enhance the formation of a duct whenever other 
conditions are favorable. Thus, forecasts of super- 
refraction based on a purely advective mechanism, 
or purely on radiative cooling or evaporation, may 
have to be modified in the presence of subsidence; 
an otherwise very weak duct may be converted into 
a strong duct by the effect of subsidence upon the 
lower strata. 

Strong subsidence effects are of frequent occur- 
rence on the southern California coast where they 
may continue with little change for days at a time. 
At times the duct is elevated, giving an elevated 
S-shaped M curve like IIa in Figure 20. Again the 
duct may extend practically from the ground up 
with M curves similar to curves II or IIIb in Figure 
20. The elevation of the top of the duct may vary 
from 300 to 5,000 ft, and the thickness may lie 
between a few feet and 1,000 ft. Coverage diagrams 
and the corresponding M curves for several typical 
situations are illustrated in Figure 24. 

For a number of reasons the meteorological condi- 
tions in a barometric High are favorable for the 
formation of ducts. Among the favorable factors 
are: subsidence, creating very dry air into which 
evaporation from the surface can take place; again 
subsidence, creating temperature inversions; calm 
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conditions preventing mixing of the lowest layers by 
frictional turbulence and maintaining the thermal 
stratification caused by radiative cooling or local 
breezes; clear skies producing nocturnal cooling 
over land. 

The conditions in a barometric Low, on the other 
hand, generally favor standard propagation. A lifting 
of the air, the opposite of subsidence, usually occurs 
in such regions and is accompanied by strong winds. 
The combined effect is to destroy any local thermal 
stratification and to create a deep layer of frictional 
turbulence. The air is therefore well mixed, and 
nonstandard vertical temperature and moisture 
gradients are wiped out in the early stages of their 
creation. Moreover, the sky is usually overcast in a 
low-pressure area and nocturnal cooling, therefore, 
is negligible. 

To summarize, high-pressure regions, clear skies, 
and calm air are conducive to duct formation, while 
low-pressure areas, cloudy skies, and winds favor 
standard refraction. 

Fronts in the atmosphere are possible sources of 
refractive effects. A front is a surface of discontinuity 
which separates two air masses of different tempera- 
tures. The surface slants at an angle of 1° to 2° with 
the horizontal, with the colder air forming a wedge 
under the warmer air. Fronts are a common occur- 
rence in the atmosphere, and it might be thought 
that they should have a considerable influence on 
wave propagation. This is, however, not borne out 
by English radar experience, which shows very little 
superrefraction connected with fronts. The explana- 
tion is probably that fronts are invariably accom- 
panied by low-pressure areas, and turbulence along 
a front is usually so strong that the transition from 
the cold air to the overlying warm air takes place 
continuously over a vertical distance of about a 
kilometer. Propagation conditions might, however, 
be somewhat different with fronts in sub-tropical 
climates, although our knowledge is still inadequate 
on this point. In one-way transmission frontal effects 
have been studied to a limited extent (pages 160- 
164). 


Seasonal and Global Aspects 
of Superrefraction 


Although the general picture is still incomplete, 
enough is now known about the geographical and 
seasonal aspects of superrefraction to warrant a 
general summary. 


ATLANTIC Coast OF THE UNITED STATES 


Along the northern part of this coast superrefrac- 
tion is common in summer, while in the Florida 
Tegion the seasonal trend is the reverse, with a 
maximum in the winter season. 


WESTERN EUROPE 


On the eastern side of the Atlantic, around the 
British Isles and in the North Sea, there is a pro- 
nounced maximum in the summer months. Conditions 
in the Irish Sea, the Channel, and East Anglia have 
been studied by observing the appearance or non- 
appearance of fixed echoes (see Figure 33). Additional 
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Fiaur# 33. Diurnal frequency of long-range fixed echoes 
at North Foreland, Kent. Wavelength 10 em. 


data based on one-way communication confirmed the 
radar investigations. 


MEDITERRANEAN REGION 


The campaign in this region provided good oppor- 
tunities for the study of local propagation conditions. 
The seasonal variation is very marked, with super- 
refraction more or less the rule in summer. while 
conditions are approximately standard in the winter. 
An illuminating example is provided by observations 
from Malta, where the island of Pantelleria was 
visible 90 per cent of the time during the summer 
months, although it lies beyond the normal radio 
range. 

Superrefraction in the central Mediterranean area, 
is caused by flow of warm, dry air from the south 
(sirocco) which moves across the ocean and thus 
provides an excellent opportunity for the formation 
of ducts. In the winter time, however, the climate in 
the central Mediterranean is more or less a reflection 
of Atlantic conditions and hence is not favorable for 
duct formation. 


Tue ARABIAN SEA 


Observations covering a considerable period are 
available from stations in India, the inlet to the 
Persian Gulf, and the Gulf of Aden. The dominating 
meteorological factor in this region is the southwest 
monsoon that blows from early June to mid-September 
and covers the whole Arabian Sea with moist equa- 
torial air up to considerable heights. Where this 
meteorological situation is fully developed, no occur- 
rence of superrefraction is to be expected. In accord- 
ance with this expectation the stations along the 
west side of the Deccan all report normal conditions 
during the wet season (middle of June to middle of 
September). During the dry season, on the other 
hand, conditions are very different. Superrefraction 
then is the rule rather than the exception, and on 
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some occasions very long ranges, up to 1,500 miles 
(Oman, Somaliland), have been observed on 200-mc 
radar on fixed echoes. 

When the southwest monsoon sets in early in 
June, superrefraction disappears on the Indian side 
of the Arabian Sea. However, along the western 
coasts conditions favoring superrefraction may still 
linger. This has been reported from the Gulf of Aden 
and the Strait of Hormuz, both of which lie on the 
outskirts of the main region dominated by the 
monsoon. The Strait of Hormuz is particularly inter- 
esting as the monsoon there has to contest against 
the shamal from the north. The Strait itself falls at 
the boundary between the two wind systems, forming 
a front, with the dry and warm shamal on top, and 
the colder, humid monsoon underneath. As a conse- 
quence, conditions are favorable for the formation of 
an extensive radio duct, which is of great importance 
for radar operation in the Strait. 


Tue Bay or BENGAL 


Such reports as are available from this region 
indicate that the seasonal trend is the same as in 
the Arabian Sea, with normal conditions occurring 
during the season of the:southwest monsoon, while 
superrefraction is found during the dry season. It 
appears, however, that superrefraction is much less 
pronounced than on the northwest side of the 
peninsula. 


Tue Pactric OcraN 


This region appears to be the one where, up to 
the present, least precise knowledge is available. 
There seems, however, to be definite evidence for the 
frequent occurrence of superrefraction at some loca- 
tions; e.g., Guadalcanal, the east coast of Australia, 
around New Guinea, and on Saipan. Along the 
Pacific coast of the United States observations indi- 
cate frequent occurrence of superrefraction, but no 
statement as to its seasonal trend seems to be 
available. The same holds good for the region near 
Australia. 

In the tropics there is found a very strong and 
persistent seasonal temperature inversion, the so- 
called trade wind inversion. It has no doubt a very 
profound influence on the operation of radar and 
short-wave communication equipment in the Pacific 
theater. 


Fluctuations in Signal Strength 
with Time 


A number of different causes tend to produce 
variations of signal strength with time. These are 
discussed briefly in the following paragraphs. 


Tarcet Mopuation 


Very rapid fluctuations having periods of only a 


smail fraction of a second frequently are encountered 
in radar observations, especially with centimeter 
waves. These fluctuations arise as a consequence of 
the internal motions of the target and are especially 
noticeable for aircraft. Similar effects have been 
observed with reflection of microwaves from wooded 
hills, the fluctuations in signal probably being caused 
by foliage moving in the wind. 


EFrrect oF WAVES ON THE SEA 


A similar phenomenon is observed when the trans- 
mitter and receiver are so situated that reflection 
from a water surface contributes to the received 
signal strength. Owing to irregularities of the water 
surface and their rapid change with time, variations 
in signal strength will appear. The fluctuations 
arising in this way have a time scale of the order of 
a second, in the case of a lightly ruffled sea (see 
Figure 34). Evidently rays reflected from different 
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Figure 34. Variation in signal strength with time in 
radiation reflected from the sea (direct radiation cut off). 
> = 9cm. 


parts of the water surface interfere, and with the 
changing form of the surface the interference pattern 
at the place of the receiver changes accordingly. The 
time scale of these changes must be connected with 
the speed, wavelength, and amplitude of the waves. 
‘but the exact relation is not known thus far. 


TipaL EFFEcTS 


The rise and fall of the tide produces a gradual 
variation in signal strength by changing the inter- 
ference between the direct and the reflected rays. 
The path difference between these rays is 2hihe/R, 
where Ju, hz are the heights of the transmitter and 
receiver relative to the instantaneous water level and 
R is the range. The corresponding difference in phase 
between the two rays is equal to 


Qhihe Qn 
sen 26 
RS ees (26) 


measured in radians. The variation in the signal 
strength depends upon the variation in ¢. It is small 
when the change in ¢ is small and increases to a 
maximum for a change in ¢ of z radians. It follows 
from equation (26) that the tidal effect increases 
with the variation in the water level of the tide and 
with the heights hf: and hz and decreases with the 
range and the wavelength. 


ScINTILLATIONS 
The really conspicuous fluctuations in propagation 
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conditions, however, are due to changing meteoro- 
logical conditions. A characteristic type is an irregular 
fluctuation in signal strength on a time scale of the 
order of a minute and with an amplitude rarely 
of moderate periods (of the order of 15 min). A 
detailed theory of this type of fluctuation in signal 
strength is not available. When the duct is fully 
developed, there is a large-scale deviation from 
standard conditions with regard to mean field 
strength. If, in particular, both transmitter and 
receiver are situated inside the duct, there is a great 
increase in received field strength. Suppose, however, 
that for some reason the duct does not function 
according to the simple theory. The field strength at 
the receiver may then drop to the value correspond- 
ing to standard conditions. The observed fades 
exhibit just this characteristic in that they consist 
in sharp drops of signal strength down from a mean 
upper level. The conditions are illustrated in Figure 
35, which shows three records obtained for a 22-mile 
path over sea. Figure 35A shows the normal record 
on a calm day when the only disturbances are due 
to scintillations. The record shown in Figure 35B, 
on the other hand, was obtained for a condition of 
simple surface trapping, with transmitter and receiver 
inside the duct. Figure 35A shows that the signal 
strength is considerably above the 95-db average . 

Duct-type fades have been observed over land as 
well as over sea and appear to form a characteristic 
feature from which the presence of superrefraction 
may be inferred. 
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Figure 35. Signal strengths for 1 = 10 cm over sea. 


Duct FaprEs 


A duct is normally accompanied by fades in the 
signal strength of large amplitude (up to 30 db) and 
exceeding 2 db. It varies in intensity according to 
the state of turbulence in the air along the propaga- 
tion path. In perfectly calm air the fluctuation is 
practically nonexistent but becomes quite noticeable 
in turbulent air. This sort of fading is analogous to 
the scintillation of the fixed stars or the unsteadiness 
of the telescopic picture of distant objects occurring 
especially on warm summer days. The physical 
explanation for the scintillations is found in the 
fact that the turbulent motion of the air produces 
irregular variations in refractive index. The conse- 
quent irregular bending of rays passing through such 
a medium produces a patchy distribution of intensity 
over the wave front. In the case of stellar scintilla- 
tions the main change in refractive index is caused 
by fluctuations in air density, and the significant 
level of turbulence is at an elevation of several 
thousand feet. For radio waves fluctuations of water 
vapor density are the chief cause of the scintillations, 
and the active region is consequently close to the 
ground. For typical radio scintillations see Figure 
35A. 


BLackoutT 


Figure 35C shows a fade in which the signal level 
is far below average and which for this reason is 
called “blackout.”’ This type is liable to occur when 
warm, moist air is cooled from below (see the sub- 
standard M curve Ib in Figure 20) and is often 
correlated with fog. The main irregularities in signal 
strength are again on a time scale of the order of 14 
hour; the amplitude of variation is smaller than in 
the preceding case and rarely exceeds 10 db. 


FRONTS AND THUNDERSTORMS 


On several occasions marked variations in signal 
strength have been observed when fronts pass 
between the transmitter and receiver. The passage 
of the front itself is marked by very rapid and deep 
fluctuations, followed by less violent changes on a 
longer time scale (see Figure 36). It appears that 
similar effects are likely to occur during thunder- 
storms. 
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Ficure 36. Effect of a front on signal strength (Hasle- 
mere-Wembley Link, England). 
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Foe 


Some peculiar effects were observed by transmission 
through fog over an experimental overland radio link 
in England. The effect of a shallow layer of radiation 
fog in the early autumn (September-October) was 
to produce a nearly complete fade-out of signal 
strength which lasted for hours and rose to normal 
as the fog cleared. The explanation of this effect is 
probably the same as in the case of the ‘“‘blackout”’ 
tvpe fades discussed above, indicating that radiation 
fog produces a substandard M curve. Later in the 
autumn (November-December) or winter (January) 
it was found that the effect of fog was quite different. 
In this season the signal strength was increased and 
deep fades appeared which are reminiscent of the 
duct-type fades described earlier. 


FapDING ON DIFFERENT WAVELENGTHS 


Several experiments have been performed in which 
transmitters working on different wavelengths oper- 
ate simultaneously over the same path and the 
received field inténsities are recorded on the same 
chart. Figure 37 shows one such record for the 42.5- 
mile (optical) path from the Empire State Building, 
New York City, to Hauppauge, Long Island, for 
May 14 and 15, 1943, at frequencies of 474 mc and 
2,800 me. It will be noticed that on May 14 up to 
about 5:45 p.m. the two records show a close 
agreement. At 6:00 p.m. violent fading sets in on 
both frequencies, but with great’ diversity in detail. 
Not infrequently the signal on one frequency increases 
while on the other frequency it decreases. About 1:00 
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a.m. on May 16 the disturbance dies down, and the 
initial harmony in the two records is restored. 

Experiments over the longer (nonoptical) path 
from the Empire State Building, New York City, to 
Riverhead, Long Island (range 70.1 miles), showed 
much greater diversity in the fading patterns for the 
different frequencies. On the other hand, observa- 
tions over the British radio link from Guernsey to 
Chalden on 60 me and 37.5 me (range 85 miles) 
showed that if there were marked variations on one 
frequency similar results were likely to be found on 
the other frequency. 


RELIABILITY OF CIRCUITS 


The reader must be warned that the amount of 
the fading in the signal strength is not a measure of 
the performance of radar and communication circuits. 
These will operate successfully so long as the periods 
of low signal are relatively short. Neither the scin- 
tillations of Figure 35A nor the larger dips of Figure 
35B would seriously affect operation, but a prolonged 
signal such as in Figure 35C would certainly interfere 
seriously with communication and radar performance. 

Some quantitative data are available from the 
transmission path referred to in the previous para- 
graph. On the optical path, New York to Hauppauge, 
the range of signal fluctuations increased rapidly with 
inereasing frequency. On 45 mc the “undisturbed” 
level (the observational equivalent of standard) was 
21 db below free space with an amplitude of fluctua- 
tions that very rarely exceeded +4 db. On the 474- 
me circuit the undisturbed level was 3.5 db below 
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Figure 37. Simultaneous variations of signal strength with frequency. (Empire State Bldg. to Hauppauge, L. I., N.Y.) 
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free space while the fluctuations varied between 10.5 
db above to more than 30 db below free space. The 
level was 5 db or more below the undisturbed value 
during 0.01 per cent of the time in January and 
during 0.4 per cent of the time in July. On the 2,800- 
me circuit the undisturbed level was —2 db below 
free space; the maximum was 12 db above and the 
minimum more than 25 db below free space. During 
0.15 per cent of the time the signal was 5 db or more 
below the undisturbed level in January; the corre- 
sponding figure for July was 3.6 per cent. The conclu- 
sion may be drawn from this and similar experiments 
that over optical paths transmission becomes gradu- 
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ally less reliable as the frequency is raised. 

Over the nonoptical path, New York to Riverhead, 
the margin of fluctuations was much larger. On the 
45-me circuit the undisturbed value was 35 db below 
free space, the maximum 18 db below, and the 
minimum more than 50 db below free space. During 
1.6 per cent of the time the signal was 5 db or more 
below the undisturbed level. On the 474-me circuit 
the undisturbed signal was 30 to 35 db below free 
space, the maximum 10 db above, and the minimum 
44 db below free space. During 0.47 per cent of the 
time the signal was 5 db or more below the undis- 
turbed value. At 2,800 me the undisturbed signal 
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Figure 38. Reliability of circuit. Average of July 1943 and January 1944. (Empire State Building to Hauppauge and 


Riverhead, L. I., N. Y.) 
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was 50 to 60 db below free space near the limit of 
sensitivity; the observed maximum was 13 db above 
free space, and the minimum could not be observed. 
In this case the effects of superrefraction were quite 
pronounced. In January the signal was less than 40 
db below free space during 6.5 per cent of the time; 
the corresponding figure for July is as high as 33 
per cent. 

The reliability of these transmission circuits is 
shown in Figure 38. Here, both for the optical and 
nonoptical paths, the percentage of time during 
which the signal strength was below specified values 
is plotted for the various frequencies used. The 
specified values of signal strength, for each frequency 
and path, are measured relative to the corresponding 
undisturbed value. The results, which give averages 
of the performance during July 1943 and January 
1944, indicate that the reliability increases appreci- 
ably with decreasing frequency. 

It must be said that the New York area where 
these experiments were made is not particularly 
affected by blackout situations, and the results are 
probably not typical for locations where blackouts 
are a frequent occurrence. The general nature of 
these data is confirmed by results of extensive 
experiments in England and in Massachusetts Bay. 


Scattering and Absorption 
by Water Drops 


As microwave sets have come into general use in 
recent years the ‘‘rain echoes” frequently seen on 
the scope have attracted attention. The possibility 
of using microwave radar as an aid to meteorological 
forecasting and for aerial navigation was early recog- 
nized and is now being put to operational use. 

At first sight, ground clutter resulting from trap- 
ping of radiation in a ground-based duct and rain 
reflections look somewhat alike on the scope of a 
radar set. At closer inspection differences appear; 
the cloud pictures are usually more fuzzy and less 
sharply defined than the echoes received from ground 
targets. An experienced operator usually has little 
difficulty in distinguishing rain echoes from echoes 
of targets or objects at the ground, but occasional 
mistakes have been reported, especially from the 
tropics. 

Rain echoes are a result of the scattering of micro- 
waves by the raindrops. Electromagnetic theory 
shows that the amount of scattering increases very 
rapidly as the wavelength is decreased. It also 
increases rapidly with increasing drop diameter. On 
account of this sharp variation the scattering effects 
become appreciabie only when the wavelength is 
below a certain maximum value and when the drops 
exceed a certain critical size. Rain echoes are rarely 
observed at longer waves than S band, but they are 
common at S band and become very important at 
the shorter microwaves. 


For a time it was thought that clouds could 
produce microwave echoes, but more thorough inves- 
tigations have now established the fact that the 
droplets in clouds are too small to produce appreci- 
able scattering. Only drops that are large enough to 
constitute genuine rain are seen by a radar, and, 
especially at S band, light rains will often escape 
detection. The term “‘storm echo,” invented at a 
time when the origin of these echoes was not yet 
clearly understood, should be avoided, and the terms 
“vain echo” or “precipitation echo’’ should be used 
instead. A rain seen by the radar is not necessarily 
recorded by an observer at the ground, as the rain 
may be confined to the free atmosphere and never 
reach the earth. This occurs either when the rain 
falls in an ascending stratum of air where the air 
rises more rapidly than the drops fall or when the 
raindrops evaporate again before reaching the 
ground. Both cases occur quite commonly in the 
atmosphere, especially under convective conditions 
such as are indicated by cumulus clouds and thunder- 
storms. Snow may also be seen on microwave scopes 
provided the snowfall is sufficiently heavy. 

While clouds themselves do not produce microwave 
echoes, they may contain falling rain of one of the 
forms just indicated. Visual appearances are deceiv- 
ing, and an imposing looking cumulus cloud might be 
entirely invisible on the scope, whereas a cloud that 
is inconspicuous to the eye but contains falling 
raindrops might give a pronounced echo. 

The question of “shadow” cast by a storm echo 
is of some operational interest. A shadow is formed 
when the absorption that accompanies scattering by 
the raindrops becomes so strong that the remaining 
radiation no longer suffices to produce visible echoes 
from targets behind the rain area. This effect is 
pronounced on X band, and even more on K band, 
and is often quite conspicuous with airborne equip- 
ment where it may happen that a rain storm blanks 
out a sector of the sweep. On S band the absorption 
is usually much weaker and targets can often be seen 
behind a rain echo. 

The usefulness of rain echoes for aerial navigation, 
particularly in the tropics, is now so generally known 
that the subject need not be discussed further. 


SNELL’S LAW 


The ordinary law of refraction known as Snell’s 
law may be expressed as 


No sin Bo = m Sin f; , 


where {o and (; are the angles which the ray makes 
with the perpendicular to the boundary. Here it is 
more convenient to take the angle a between the 
ray and the boundary surface. Snell’s }aw then reads 


No COS ao = NM COS a. 


.The refraction at a sharp boundary is shown in 
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Ficure 39. Application of Snell’s law of refraction. 


Figure 39A. If there are several boundaries it is 
readily seen that Snell’s law generalizes (Figure 
39B) to 

No COS ao = M1 COS a1 = M2 COSaz = ---, 
and for a continuously variable layer it becomes 


nm COS a = No COS ao, 


where n and @ are continuous variables which are 
functions of the height and the index 0 designates an 
arbitrary reference level. 

Snell’s law for a curved earth may be derived from 
Figure 39C. For successive boundaries it is found: 


M Sin Bo = sin B’y, 
m sin By = nz sin B’,, etc. 


Multiply the first equation by 7, the second by 7, 
ete. Then 

Noro SIN Bo = Maro sin B'o , 

Mr) Sin By = ner; sin B's, etc. 


But from the triangle OAB 


sin B’) _ sin By 
See) SE aie,» 
viet To 
so that: 
Noro SID Bo = NM Sin By = Nore sin Bp = --- 


Again introducing the angle a with the horizontal 
and making the transition to a continuously variable 
refractive index gives 


mr COS a = Noo COS ao , 


which is the generalization of Snell’s law for a curved 
earth. rp may be chosen as any convenient height, 
say a for the surface of the earth or a + hi; for the 
height of the transmitter, and 7» is the corresponding 
value of n. 


Chapter 14 


THEORETICAL TREATMENT OF NONSTANDARD 
PROPAGATION IN THE DIFFRACTION ZONE* 


hae ASSUMPTIONS and restrictions underlying this 
presentation are: 

1. We concern ourselves with problems of the 
diffraction region only: the field is calculated at 
considerable distance from the transmitter and not 
too great height above the ground. 

2. The plane-earth model is used, in which the 
effect of curvature is simulated by using the modified 
index M instead of the index of refraction n. 

3. The earth’s surface is assumed smooth, and M 
depends on height only (horizontal stratification). 

4. Simplified boundary conditions at the earth’s 
surface are used, appropriate to the treatment of the 
diffraction zone at microwave frequencies. This 
results in a formula which refers only to a discrete 
spectrum of modes and makes the calculations 
independent of polarization. 

5. The directional pattern of the transmitter need 
not be considered, since only the intensity at the 
azimuth in question and within 1 degree of the hori- 
zontal plane is of importance. The problem solved 
is that of a vertical dipole, electric or magnetic. 

6. The field is described in terms of a single 
quantity VW, the Hertzian vector being (0,0,¥). Then, 


at a point in the diffraction region, 
actual field strength = |W |?-d?-H), (1) 


with d = horizontal distance from source, 
E, = free space field at distance d. 
An expression for Y can then be found in the form 


(dz) = J em Una) Ute), @) 
™@ 


where h,; = transmitter height; 
z = height at which W is calculated; 
2r 
=F, bsa=. 
w af, d 


ym and U,, are characteristic values and functions 
of the boundary value problem 


oo +eM2) +r1U=0, — @) 


Vet wave moving upward, z—> wo, (4) 


U(0) = 0. (5) 


The modified index of refraction M is supposed to 
be defined without the factor 10° usually included 
The functions U must be normalized in a suitable 


where 


@By W. H. Furry, Radiation Laboratory, MIT. 
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way. If we had not agreed to use simplified boundary 
conditions, the last equation (5) would be more 


complicated and would depend on the type of polari- 
zation. Also an integral would appear in addition 
to the discrete sum in the expression for V. The 
actual value for W, for the diffraction zone and 
microwave frequencies, would not be affected sig- 
nificantly. 

The quantities y, are complex: 


Ym = Om + 1Bm - (6) 
Om and Bm are positive real quantities. It is convenient 
to think of the terms of the series as arranged in 
order of increasing a: 


a1 < ae < a3 < ag: 


These quantities determine the horizontal attenuations 
of the various modes. For large d only one or at most 
a few terms of the series are required to give the 
value of YW. The quantities 6, are all very nearly . 
equal to k. The slight differences between the £,,’s 
determine the phase relations and hence the inter- 
ferences between the various modes. 

It is convenient to classify the modes into two 


-types: (1) ‘“Gamow” modes which are strongly 


trapped, so that a is very small; (2) “Eckersley” 
modes which are incompletely trapped or untrapped. 
The names ‘‘Gamow” and “Eckersley” refer to the 
men who devised the approximate phase integral 
methods which apply in the two sorts of cases. For 
practical purposes, when working within the diffrac- 
tion region, we need consider only the Gamow modes, 
or at most the Gamow modes and the first Eckersley 
mode. 

In order to be able to use the formula to calculate 
W for a given index curve M(z), we must obtain the 
following information about the modes which are 
to be used: 

1. The characteristic values. 

2. “Raw” or unnormalized characteristic func- 
tions, which satisfy the differential equation and the 
boundary conditions but still require multiplication 
by suitable normalization factors. 

3. The normalization factors. 

There are three methods of attack on the problem: 

1. Numerical integration of the differential equa- 
tion, accomplished in practice by the use of a 
differential analyser. 

2. Phase integral methods. 

3. Use of known functions and tables, for suitably 
chosen M curves. 
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The method of numerical integration is being used 
intensively in England by Booker, Hartree, and 
others. It encounters considerable difficulties in con- 
nection with the fitting of the boundary condition 
at z— o and also in the determination of normali- 
zation factors. These difficulties have been overcome 
by special and fairly elaborate procedures. In this 
country the feeling has been that we should direct 
our efforts toward the use of the other methods. 

If either method (2) or method (38) is to be readily 
applied to a variety of cases without a prohibitive 
amount of labor, the M curves must have a suitable 
form. The form indicated turns out to be the same 
in both eases. It consists of portions, each of which 
is a straight line. If enough such portions are used, 
any actual M curve can be accurately represented, 
but it is impractical to use more than a very few. 
Present efforts are directed toward dealing with 
cases where there are just two straight-line portions 
and there is no prospect of soing bevond the cases 
with three (Figure 1). 
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Ficure 1. Schematic straight-line M curves. 


At first sight these curves look overly artificial, 
but there are considerations which indicate that 
they are really an altogether reasonable choice. First, 
some actually occurring curves have very much thir 
sort of appearance. Second, the sharp breaks in the 
curves have no really strong effect on the results. 
Third, practical considerations severely limit the 
number of parameters which can be used in specify- 
ing the curve, so that a meticulous reproduction of 
every actual curve is out of the question. Fourth, 
the assumption of horizontal stratification is usually 
not well enough justified to make highly precise 
results reallv significant. 


The phase integral methods were pushed first, 
because the calculations-:are quite easy and do not 
require special tables of functions. Unfortunately 
the gaps between the regions of validity of the 
different phase integral approximations turn out to 
be extremely wide and to cover just the more inter- 
esting ranges of slope and duct height. This makes 
it necessary to resort to the exact solutions to deter- 
mine characteristic values and normalization factors. 
The phase integral methods provide limiting cases 
which can help in guiding the exact computations. 
Also the phase integral formulas are usually quite 
adequate for the computation of the “raw” charac- 
teristic functions, once the characteristic values are 
known. 

In order to make the exact calculation, we need 
tables for complex arguments of the solutions of the 
equation 


These solutions can be expressed in terms of the 
Airy integrals, but for greater convenience the solu- 
tions have been standardized in the form 
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The tabulation of these functions for |z| < 6, on 
a square mesh 0.1 unit on a side is being done on the 
automatic sequence-controlled calculating machine 
at Harvard University. Work was begun in the latter 
part of August 1944, under authorization from the 
Bureau of Ships. Photostats of about one-fourth of 
the tables were obtained by November 1944. 

The present objective is to produce charts from 
which a; and #6: and the normalization factor for the 
first mode can be obtained for any M curve made up 
of two straight portions, the upper one being of 
standard slope. After this, similar charts for the 
second mode, and perhaps the third and fourth, will 
be undertaken. When this has been done, the 
approximate determination of field strengths and 
coverage will be possible by a definite routine 
procedure. 


Chapter ]5 


CHARACTERISTIC VALUES FOR THE FIRST MODE 
FOR THE BILINEAR M CURVE* 


i [aan MODEL of an M curve composed of straight- 
line segments suggested itself to workers at the 
Radiation Laboratory early in 1944 as one in which 
phase integral calculations could be carried out very 
rapidly. At about the same time Lt. Comdr. Menzel 
suggested the use of this model together with tables 
of Hankel functions to obtain exact solutions. In the 
fall of 1944 it became evident that phase integral 
methods were not of much use with this model. 
Tables of the required Hankel functions, essentially 
standard height-gain functions, for complex argu- 
ment were prepared at the Harvard Computation 
Laboratory, and considerable effort was directed to 
the obtaining of exact solutions. 

The units, notation, and model are given by the 
following formulas and illustrated in Figure 1. 
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Figure 1. Models and units. 


H = (egy = (=) - (BY 
with H (feet) = 7.24 [A(em)]} , 


with L(thousand yds) = 6.69 [A(cm)}} , 
h d @U 
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The natural units of height and distance represent 
two different compromises between wavelength \ 
and earth radius a, so that \ + H + L + a form, 
very roughly, a geometric progression. It is seen that 
for microwaves, heights and distances occurring in 
practice are fairly small numbers of natural units. 

The M curves are plotted in terms of the height z 
in natural units and of a quantity Y which is simply 
M multiplied by a suitable wavelength dependent 
factor. The standard part of the curve then has 
slope unity. In the bilinear model the anomaly 
consists of a segment with slope s* times standard, 
or, in these diagrams, simply slope s?. For negative s 


Zz2= 


*By W. H. Furry, Radiation Laboratory, MIT. 
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there is a duct; s positive but less than 1 gives transi- 
tional cases; and s greater than 1 gives substandard 
cases. 

The essential quantity Y used in calculating the 
field is given by: 


W = (cit-2ni dih—imit ) PVs xt xX 
L 


Veta te Unie) Um(e2) - 

The power density is equal to the free space power 
density multiplied by W?d?. The characteristic values 
are complex: D = B + 7A. For the standard case: 
D, = —1.17 + 2.027. (For } = 10 em this corre- 
sponds to an attenuation of 1.22 db per thousand 
yards.) VW consists of three factors: one, that for a 
plane wave, which can ordinarily be omitted; the 
second, a constant factor which depends on wave- 
length through Z, the natural unit of distan¢e [this 
factor can be replaced by just 2+/x if x?(= d?/L?) 
instead of d? is written in the first line]; and finally 
the critical factor written in terms of natural units 
only and involving characteristic values and charac- 
teristic functions. The imaginary parts of the charac- 
teristic values are the coefficients of horizontal 
attenuation, and the characteristic functions are the 
height-gain functions. 

It is seen that for a typical microwave frequency 
the horizontal attenuation of the first standard mode 
(g = 0) is rather sizable. The plot of the height-gain 
curve shows that if both transmitter and receiver 
are at about 200 ft there is a gain of 50 to 60 db. 
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Figure 2. First standard and first trapped mode. 


In discussing the behavior of U in relation to the 
Y curve, it is best to plot U or | U| rather than 
decibels. It is also helpful to draw a vertical line at 
the abscissa —B, and this is then usually used as 
the axis in plotting U or | U|. The diagram for a 
trapped mode shows that | U| shows exponential 
decay in the “barrier” region where the Y curve lies 
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FicureE 3. Attenuation constant versus anomaly height for bilinear M curve, first mode. 


to the left of the line at —B. Below the barrier U 
shows oscillatory behavior, but with no nodes for 
the first mode; above the barrier U is a spiral, which 
shows only as a slow. increase in the plot of | U |. 

This same difference in the behavior of U for Y >- 


SLOPE OF LOWER SEGMENT OF M CURVE | 


SLOPE OF UPPER SEGMENT OF M CURVE 


O CHARACTERISTIC VALUE FOR G-»00 
% 1.5 (=VALUE OF g ) 


or < —B is a useful thing to remember in more 
general cases. Sometimes it is not quite so clear-cut 
as in this case of trapping. If A is not small, the 
situation cannot be so completely defined in terms 
of B alone. It is certain, however, that | U| will 


Figure 4. Characteristic values for the first mode. 
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show essentially exponential behavior in any region 
where the “height of the barrier,’’ i.e., the amount 
by which the Y curve lies to the left of the line at 
—B, is greater than A. 

This sort of general physical consideration about 
the U curve leads, on being put in more precise 
mathematical form, to the phase integral methods. 
Unfortunately, no phase integral method can claim 
validity for this model except in cases of trapping. 
In general, the Eckersley phase integral method for 
untrapped modes requires that the Y curve be an 
analytic function, and the bilinear curve obviously 
is not. Most of the values presented are, accordingly, 
the results of exact calculation. 

Figure 3 shows that for negative s the attenuation 
falls rather suddenly to very small values at a certain 
value of g and then quickly approaches zero. This 
indicates the occurrence of trapping. On the other 
hand, for positive s, the attenuation constant 
approaches a finite asymptotic value. It is interesting 
to note that this is always definitely less than the 
value s’x standard, which corresponds to a single 
straight line of slope s?x:standard slope. 

It is also useful to know the real part B of the 
characteristic value. Figure 4 shows the complex D 
plane. For g = 0 the Y curve is just standard, and 
as g increases the value of D for each value of s 
traces out a curve; for small values of g all these 
curves practically coincide. For negative s the real 
part decreases steadily as soon as the imaginary 
part becomes very small. For positive s, on the other 
hand, the real part as well as the imaginary approaches 
a finite limiting value, so that each curve has an 
end point. 

Some of the consequences of this behavior of the 
real part can be seen by studying Figure 5. The first 
row of diagrams shows the situation for fixed nega- 
tive s and increasing value of g. The first diagram 
shows the standard curve. The next shows a curve 
with a small superstandard section, but — B still lies 
in nearly the same location relative to the dotted 
line which marks where the origin lay for the stand 
ard curve; thus B has increased. The first. figure o 
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Ficure 5. Curves for negative and positive s. 


the second line shows how the same thing happens 
for a small substandard section. Thus for small g 
the first order effect is just to add the amount g to 
D, for all values of s. 

In the third diagram of the first row we have a 
case in which the superstandard has a pronounced 
effect, but trapping has not yet set in. In such inter- 
mediate cases B may become positive, but the 
diagram shows a case in which it happens to be 
zero. In the fourth diagram trapping is definitely 
established; B has become negative, and the line 
—B has taken on a definite position relative to Y (0) 
(dotted line). This same relation is maintained for 
larger values of g, as in the last diagram of the top 
row. In the last diagram the “barrier” has become 
much more formidable. This means that the value 
of U just above the barrier is extremely small, and 
thus the attenuation is very small because of the 
small leakage. 

In the second row, as has been remarked, the first 
diagram shows a small substandard section which 
has only a small perturbing effect; — B lies essentially 
at the standard distance from the intercept of the 
extrapolated standard curve. The second shows an 
intermediate case. In the third diagram the limiting 
value of D has been reached, and the line at —B 
has taken its final position relative to the joint of 
the Y curve. In the last, larger, diagram g has 
become much larger, but —B has still the same 
position relative to the joint. 

The difference between the last two diagrams is 
essentially the increase in the strength of the surface 
barrier. The structure of the height-gain curves near 
and above the joint is practically the same in the 
two cases. The very thick barrier in the last case 
causes the intensity near the earth’s surface to be 
extremely small. This particular kind of height-gain 
effect can be more suggestively referred to as depth 
loss. The amount of this depth loss is very large: 
the first 200 ft of the substandard layer produces a 
loss in the product U(2:) U(ze) of at least 200 db (at 
10 cm), which is about four times the gain for a 
similar height in the standard case. Moreover, this 
loss proceeds at a rapidly accelerating rate, whereas 
standard height gain goes at a decreasing rate. The 
same situation of depth loss in thick nonstandard 
layers occurs in transitional cases, with s positive 
but less than unity. 

In general the results for the first mode for positive 
s can be summarized as follows: 

In nonstandard layers of fairly small thickness, 
less than 100 ft for 10-cm waves, the propagation is 
not markedly different from standard for the sub- 
standard case and can have attenuation strikingly 
less than standard for suitable thickness of a transi- 
tional layer. 

For thick layers there is a strong depth-loss effect 
in the first mode in both sorts of cases, and the first 
mode cannot be expected to be the dominant term 
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in W except at great distances. Some other mode, 
which dees not suffer from the depth-loss effect, 
although it may have greater attenuation, will be 
the important mode at smaller distances. 

The conclusions for positive s cannot be expected 
to apply unless the lower part of the M curve is 
really sensibly straight over a considerable part of 
its length. For negative s (trapping) this requirement 
is not so important. 

It was mentioned that other models had been 
employed by various investigators in calculating 
field strength in the presence of a duct. The British 
used an index distribution given essentially by Y = 
(z — 2z"/m), where m lies between zero and unity. 
When m = % the problem could be treated by a 
phase integral method, which Booker had done. The 
differential analyzers at Manchester and Cambridge 
had been used to obtain the characteristic values for 
other values of m. The linear variation of index had 
been studied by Hartree and Pearcey. In this case 
of linear exponential variation Y = z + Ae-s:, where 
A and B are adjustable parameters. This model offers 
the advantage that the index is an analytic function 
of z and also that the modification term approaches 
zero with increasing height. 

An alternative method (Langer’s) for joining the 
two parts of an otherwise bilinear M profile was 
brought up. This method gives a solution in terms 
of Bessel functions and solves the difficulty perfectly 
for joining two straight lines. 

It was inquired whether, in case of positive s it 
had been ascertained that for large g there were no 
roots of the secular equation corresponding to a 
linear M curve having the slope of the lower segment. 
There was the possibility that the root found might 
be one of a possible pair and that there might be 
another solution of the wave equation for positive s 
which had not yet been discovered. 

The author replied that the roots varied continu- 
ously as g varied and that the investigation had 
dealt with the root obtained when starting with the 
first standard value for g = 0. What happened with 
increasing g when the start was made from some 
other standard value of g = 0 was not known defi- 
nitely, but the effects were believed to be peculiar. 
It is expected that there may be some values lying 
fairly near the s squared value for the imaginary 
part. They are not considered to lie close to the s 
squared value for the real part, as they would for 
the simple assumption previously mentioned—that 
when the joint is very high the upper segment can 
be forgotten and the curve can be assumed to be a 
single line all the way. This is believed incorrect, 
because when the result is derived by taking only 
the first terms in the asymptotic expansions, com- 
puting a small correction from the next terms in the 
asymptotic expansions produces terms which are 
infinite compared to the first terms. This means that 
the value s squared times D is an impossible one. 


It may well be that there are results with s squared 
times A plus some different value of B rather than 
simply s squared times B, but these have not been 
investigated. This does not occur for the first mode, 
which is all that this report covers, but it may 
happen that some other mode goes over to that 
value. Any mode which does so would probably not 
suffer from depth-loss effect and would be the 
important mode close in when there was a thick 
layer with positive slope. 

The need was pointed out for stressing the differ- 
ence between “completely trapped’? modes and 
“leaky” modes. With completely trapped modes the 
field decreases exponentially with height, and the 
power carried by each mode is finite, but with leaky 
modes the field increases exponentially with height, 
and the power carried by each mode is infinite. This 
means that completely trapped modes may exist 
separately, but leaky modes may not. The expan- 
sions of fields in terms of leaky modes are thus 
essentially mathematical and from physical considera- 
tions it is no longer possible to anticipate that these 
expansions would be convergent; the question of 
convergence has to be settled formally. The reac- 
tions of trapped and leaky modes to small perturba- 
tions are quite different. The former are relatively 
insensitive and the latter are very sensitive. In 
considering the field at a certain distance from the 
transmitter, it must be ascertained whether the 
relevant modes are affected by changes in the 
dielectric constant at heights large compared with 
this distance; if this is the case particular care must 
be taken in proving the sum to be still the same, 
since even a perfectly reflecting layer at such great 
heights can have little effect on the field in the 
region of interest. 

It was noted that these remarks pertained to a 
phenomenon which had greatly puzzled the investi- 
gators for several months. The trouble occasioned 
by the concept that infinite energy is carried by a 
mode does exist. This means that the formula in 
terms of modes is valid only if all those modes are 
summed that make any appreciable contribution. It 
becomes extremely difficult to carry out the summa- 
tion when there are numerous modes, as they begin 
to cancel each other more and more with progress 
into that region. This occurs in leaving the diffraction 
region to which this work is meant to apply and in 
approaching the optical region. The question of what 
a small departure from the shape of the curve at 
great heights does is something which was very 
troublesome during studies made of the first mode 
There is no doubt that a small departure from a 
smooth shape of the M curve has an enormous 
effect on the results if it occurs at a great height. If 
the departure is located high enough it need not 
amount to more than a millionth of an M unit to 
spoil the calculation completely. That is because it 
is a reflecting layer similar to the Heaviside layer, 


172 TECHNICAL SURVEY 


and if placed high enough it not only can reflect to 
enormous distances but also becomes extremely 
effective. It was decided not to give this effect too 
much concern as all these calculations are made on 
the basis of horizontal stratification. Doubtless all 
sorts of small departures from a smooth curve occur 
at various rather large heights, but they do not occur 


perfectly stratified over areas of hundreds of square 
miles, and only such perfectly stratified departures 
could: cause embarrassing results. Accordingly it was 
decided that such fluctuations as occur probably 
cause fading or fluctuation but do not cause the 
particularly troublesome effect mentioned, because 
they are local and not stratified over large areas. 


Chapter 16 
INCIPIENT LEAKAGE IN A SURFACE DUCT 


CALCULATIONS FOR THE FIRST 
MODE OF THE BILINEAR MODEL 


RECENT INTERCHANGE of ideas on problems of 
mutual interest with members of the wave 
propagation group of the Radiation Laboratory 
prompted the author to investigate the variation of 
the attenuation constant (or space decrement) «(h) 
of the first mode with the duct height h and negative 
index gradient a of a surface duct (see Figure il). 
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Figure 1. Variation of the attenuation constant with 

duct height. 
The attenuation constant is defined as the constant 
a which occurs in the factor as: (1/+/d) e-% , 
giving the variation of the amplitude with range d. 

The results are shown in Figure 1. In this figure 
the attenuation constant a(h) is expressed in terms 
of the attenuation constant for zero duct height 
a(0). In Figure 1 the curve for 6 < 1 was computed 
from a formula developed by Freehafer and Furry 
of the Radiation Laboratory: 


where 6 = h(k?b) 


Here h = duct height; 
a = —dM/dz inside the duct; 
b = dM/dz above the duct; 
k = 2r/X. 


It was felt that this equation could be used up to 
6 equal to about 1.3 but not beyond this value. 

The curves on the right for 6 > 2, for which a 
condition of nearly complete trapping is approached, 
were obtained as follows. The secular equation for 
the proper value of A(a ~ I,,A), is 


HY(p) _HP(s)H_9(q) + HP)HR@) _ 


Hp) HP)HY@ + HYOHYO 


where 

2k 2k a 
== AG ——— i = =-— 
q=5,\,P 3, (A + ahi s 2h Y= 7 (3) 


is transformed by the substitution 


i 
g=e"ap=@+pip=a(Z) a) 
into fp) — F(a) = 0, (5) 
with 

_ H2%(p) 
f(p) = HY (p) 


U(y2) Viz) + Vive) Ue) @ 
e*/? V(yx) U(x) — U(y2) V(2) 


k@) = 


U(x) = k(x) +e 14), 


V(x) = 1,(2) + e*/81_4(2) . (7) 


Assume now that 
p=ptaA, (8) 


where pp is a constant, which is to be chosen in such 
a manner that A is small in comparison to po in the 
region under consideration. Expanding equation (5) 
in a power series in A, one obtains as a first approxi- 
mation for A: 


es F (ao) — f(po) 


7. J (Po) @) 
and for a second approximation 
dx 
F(a) = 
a Ai f(po) =“ 
bs = Ay) 1 = See 4 
oh = BEE ease] ao 
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These expressions can be computed with the aid of 
the WPA Tables (unpublished) for the J functions 
with real argument. The curves in Figure 1 were 
computed down to values of 6 such that A» did not 
deviate appreciably from Aj. 

Conclusion. From the computed attenuation for a 
surface duct it appears that, for the first mode, 
when 5(= hk‘) is less than 1, trapping is less than 
2 per cent and that when 6 = 3 to 5 (depending on 
the negative gradient a), trapping is 98 per cent 
complete. There is therefore a ratner.narrow range 
ot values of the parameter 6 (1 to 4) within which a 
rapid transition takes place from a condition of 
negligible trapping to a condition of nearly complete 
trapping. This result may have a bearing on the 
observed fading which is associated with ducts. 


CALCULATIONS FOR THE SECOND 
AND HIGHER MODES 
OF THE BILINEAR MODEL 


Computationsof characteristic values and height - 
gain functions for the second and higher modes of 


a bilinear model M curve was carried on by the 


Analysis Section of Columbia University Wave Prop - 
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Fiaure 2. Characteristic values of D, for a bilinear 
model. s = —1. Dn = Bm +7 Am. 8} = ratio of slope 
of lower segment to standard slope = s°. g = height of 
joint in natural units. 


agation Group. The first mode of the bilinear model 
was treated at the Radiation Laboratory MIT.The 
computations were carried out with the aid of 
tables of h functions prepared by the Harvard 
Computation Laboratory,under the direction of 
Furry. The work discussed here is mainly on 
surface ducts in which the slope of the low seg- 
ment of the M curve is negative. Cases with pos- 
itive slopes of the low segment of the M curve 
have been tried but were found to involve func- 
tions which are beyond the range of existing tables. 

Some results on the characteristic values are shown 
in Figures 2 and 3 (for a definition of natural units 
see preceding articles). In Figure 2 the slope of the 
lower segment of the M curve is the negative of the 
standard slope, while in Figure 3 the ratio of the 
slope of the lower segment to the standard slope is 
—/8. The curves A; and B; for the first mode were 
computed at the Radiation Laboratory. An imagi- 
nary part A;, which is proportional to the horizontal 
attenuation (decrement), starts at g = 0 with a 
value appropriate for a standard atmosphere and 
decreases continuously as duct height g increases. 
Beyond g = 3 the first mode is completely trapped. 
The curve A» for the second mode decreases initially 
too but beyond g = 21s seen to level off to a constant 
limiting value. The real part of the characteristic 
value B, also approaches a constant limiting value 
for g greater than 3. These curves were obtained by 
solving the secular equation for D and also deter- 
mining the slope dD/dg at each point. The charac- 
teristic values curves can also be computed by 
starting first with Gamow’s values appropriate for 
large g and continuing backwards toward smaller 
values of g, being careful to determine the slope of 
the curves at each point. It is seen from Figures 2 


FIGuRE oh GR values Dm for a bilinear M 
curve. s = — V2.g = height of joint in natural units. 
s3 = ratio of slope of lower segment of M curve to the 
standard slope. Dm = Bm + % Am. 
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and 3 that, in contrast to the first mode, these 
branches of the curves for the second and third 
modes do not join on smoothly to the other branches 
which start with standard yalues- at g = 0 and 
approach limiting values for large g 

This duplicity of the solutions, which was doubted 
at first, was substantiated in two ways. The values 
of A, and B, at g = 3 and g = 5 in Figure 1 were 
computed at both branches with increasing accuracy 
(up to 10-5), and it was found that the matching of 
the solutions at the duct height and the degree of 
vanishing of the height-gain function of the ground 
improved correspondingly in both branches. This 
proves that both solutions satisfy the boundary 
conditions. As a second step in testing the reality of 
the limiting points, an’ asymptotic expression was 
derived for the limiting values, and the values com- 
puted therefrom were found to be in fair agreement 
with the. exact values, as is shown in Table 1. 

The physical nature of the duplicity of solutions 
seems to be as follows. The solutions approaching a 
limiting characteristic value for large duct height g 
correspond to the case where the ground sinks to 
great, depths; the other solution corresponds, of 
course, to the limiting case when the height of joint 
rises to infinity. 

The relative importance of the two types of solu- 
tion will depend on the ranges and heights considered. 
At sufficiently great ranges the solutions with the 
smaller value of A,, will predominate, but the greater 
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Fieure 4. Height-gain functions of the second mode 
for a bilinear M curve. 
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Ficure 5. Height-gain functions of the second mode for 
a bilinear M curve. 


the height considered the farther must one recede 
from the source before the initial advantage of the 
limiting solution due to a greater -height gain is 


overcome by the stronger horizontal attenuation. 


The greater height gain of the limiting solutions at 
high elevations is illustrated in Figures 4 and 5. In 
these figures, the height-gain functions for the limit- 
ing solutions are drawn in solid lines, those for the 
Gamow solutions in dashed lines; and the unit of 
height is the duct height. It should also be pointed 
out that the normalization condition applied was 


i U2(2)dz = 9; (13) 


so that, if a comparison of height-gain functions of 
solutions of the same class for different values of g 
is desired, the plotted values should be divided 


by V9. 


Taxie 1. Comparison of exact limiting values of D with 
values obtained from the asymptotic formula.* 


s Second mode Third mode 
—1 —0.60 + 2.80i —1.06 + 3.60i Asymptotic 
we —0.59 + 2.837 Exact 
-1/2 —0.78 + 2.744 1.22 + 3.407 Asymptotic 
—0.70 + 2.702 —1.42 + 4.082 Exact 
—2 —1.00 + 2.60: —1.36 + 3.487 Asymptotic 
—0.80 + 2.447 Exact 


*exp (- : >) - ( = =) /8Di =0. 


Chapter 17 


THE SOLUTION OF THE PROPAGATION EQUATION 
IN TERMS OF HANKEL FUNCTIONS* 


ce CALCULATION Of the field strength in the atmos- 
phere depends upon finding a solution of a wave 
equation incorporating the propagation properties of 
the atmosphere and satisfying the boundary condi- 
tions at the surface of the earth and for large heights. 
This chapter shows how the wave equation, for cer- 
tain specified conditions, may be solved in terms of 
Hankel functions. 

Let z = height of receiver above earth’s surface, 


h, = height of transmitter, 

d = great circle distance between source and 
recelver, 

\ = wavelength, k = 27/n, 

f = frequency, w = 2rf, 


M = modified index of refraction, 
a = radius of the earth 

Under the simplifying assumptions of horizontal 
stratification, slight variation of refractive index in 
a wavelength, smooth earth’s surface, the plane earth 
representation, and the use of the simplified boun- 
dary condition Y = 0 for z = 0, which eliminates 
the polarization of the source, the field of. a (dipole) 
source is described by a scalar wave equation: 


AW + k? My = 0, (1) 


plus appropriate boundary conditions. Separation of 
equation (1) in cylindrical coordinates leads to the 
formal expansion for the field of a dipole source: 


V = eit — in H® (kd cos an) Un (2) U,(hi) , (2) 


where Re (cosa,) > 0 

Here the characteristic values sin’2, and the 
(normalized) characteristic functions U,(z) satisfy 
the equation 


= Kaine 6 WA W =O, (3) 
plus the boundary and normalization conditions: 
U(0) =U (3a) 


eiwtU(z) represents an outgoing wave for large 
positive z . : (3b) 

lim i, * U'de = 1. 
7 (k)—> 0 J, 


Usually sin’a is small, kd is large, and one has 


| H® (kd cos an) 


(3c) 


mw 


D Hy 
a (ea cos =) 


9) 4 
dk cos &, 


eni(kd cos an) 


2 
en tka. — (1/2) sin’ an) 


IIe 


(4) 
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The exponential decay factor of the horizontal waves 
thus has the form exp [( —kd/2) In (sin? an)] , 
and the sin2a, values evidently lie in the upper half 
of the complex plane. 

The problem is then to find the characteristic 
values and characteristic functions of the system (38) 
for a given dependence of modified index of refraction 
upon height. For a ground-based duct of height h 
with an M curve made up of two line segments, the 
upper having standard slope, equation (3) becomes 


TO +RUAtYAIU=0,  @) 
y(z) = 2ai(fz —h) ,0O<2z2<h, 
y(z) = 2ax(z — h) ,2zZ2h, 

A = sin? a@ + 2ach , 


where 


a= >. 
4 
ga 


The linear change of variable 
hm NE 
mn = (5 a) [A + 2a:(z — h)] 


inside the duct, and 
4 


Le = (5 a) [A + 2a2(z — h)] 
above the duct reduces equation (3’) to 
2U 


Ge + zU = 0 ) 
whose general solution is 


ii = cee + Byho(2x1) 
Achi(x2) + Boho(x2) . 


The “‘h,’”’ functions are expressible in terms of Hankel 
functions of order 4: 


ne) < (2) ot HY 2 ae 

y\%) = 3 v + 3 wT, 9 as 1,2) 9 (5) 
Condition (8b) is satisfied by setting A, = 0. A; and 
By are determined by the requirement of continuity 


so = nde ( (a) a el (29 
@) ng | (zis) i] be Lan) sf (6) 
Pode) (Cy PG) 
[(ze) | [(e) 4] 
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The characteristic values A then appear as the roots 
of the equation 


U(0) = Aiki [(#) (A — 2ash) 


+ Bihe [ () (A = 2ash) | => 0 . (7) 


The constant factor Bz; appearing throughout is 
determined by the normalization condition (8c), 
which takes a peculiarly simple form in this: case, 
since (3’”) implies the identity 


Paik dU\? 
ete ae | ®) 


Owing to the present lack of adequate tables of 
the H') or h, functions for complex arguments and 
the complicated nature of equation (7), one is forced 
to employ asymptotic expansions to determine the 
A’s so far as possible. Due care must be exercised in 
dealing with the branches of the multiple-valued 
approximations appearing, as well as with the 
so-called “Stokes phenomenon.” Thus in deciding 
between the two rival asymptotic approximations 


* 4 
H® (W) ~ (=r) e7i(W—Sz12) : 


(9) 


H® (W) ~ (<r) Gave + ef W+llm/12)) 
—— arW ’ 
both formally valid in the common domain 0 < 
arg W <7, one employs the first when arg W < 
1/2, and the second when arg W > 7/2. The ambi- 
guity on a “Stokes line” (arg W = 7/2) apparently 
must be resolved by taking the mean of the two 
expressions when their difference is important, as it 
is when strongly trapped modes exist (a; < 0). 
The nature of the results is shown in the important 
case of complete inversion (a; < 0). For simplicity 
p= —ae= (=) (—2a,h)3 . (10) 


Then mee 


I (@+0i—(1-2)_ = 2— 9) 


2 
Ee (9 + n>§] 


ade pe agra — th 
Wace tee Des ets 5) = 0), 


q 


Zs (11) 
(F< arg p<m — i) 
TT 1 + setreent 4 Semel = 0, 
(arg p =z) 


(n a positive integer) 
The corresponding regions of validity are indicated 
in Figure 1, which also shows the dependence of one 
characteristic value on co for a particular ratio a2/ai. 
If one numbers the characteristic values p, in order 
of increasing imaginary part, those for which n is 
greater than some integer are defined by equation 
I. There is an infinite number of these “‘Eckersley”’ 


EREEH 
a 


TRANSITION 


7 60°) IL 
o /—LWSTOKES LINE _ 
=1.0 -0.5 to) 0.5 


Fieuks 1. Diagram showing the locus of p in the com- 

plex plane of o varies. 
or leaky” modes. Equation II joins on smoothly to 
I and defines a finite number of “transitional” or 
“Semileaky”’ modes. 

Equation III defines the strongly trapped or 
Gamow modes for which 0 < In(p) << — Re(p) < 
1. In this case the characteristic values lie almost 
upon a Stokes line (arg p = 7 — 4). The approxi- 
mations valid above the line yield II; the ones valid 
below yield 


IV 1 + ien2iove + ni _Q , or 


(p+ 1)i=(n—*#) ~<1 W=0,1,2- - -). 


Thus in tne Gamow case IV makes J,(p) = 0 while 
II yields almost the same real part, but a very small - 
positive imaginary part for p. The mean approxima- 
tions effectively yield III whose roots are essentially 
the mean of the roots of II and IV. This averaging 
process checks closely with an exact calculation based 
on the (unpublished) WPA tables of Bessel functions 
of order 14 for real and pure imaginary arguments. 
It is to be noted also that IV determines the number 
of strongly trapped modes as the largest integer n 
such that (n — 4) r/o < 1. 

The characteristic value problem may be regarded 
as essentially solved in the cases of leaky modes (1) 
and strongly trapped modes (III). In doubt still is 
the question of the transition between III and II; 
this uncertainty plus the fact that actual determina- 
tion of the roots of II is much more complicated 
than in the other cases, and that in case II the 
arguments of certain of the Hankel functions lie so 
close to the origin as to make doubtful the validity 
of the asymptotic procedure—all these considera- 
tions indicate that resolution of the transitional mode 
question awaits appearance of adequate tables of 
the Hankel functions for complex arzuments. 


Chapter 18 
ATTENUATION DIAGRAMS FOR SURFACE DUCTS’ 


eg HORIZONTAL ATTENUATION (decibels per unit 
distance) of a signal under assumed propagation 
conditions not only is of intrinsic interest but is one 
of the simplest quantities to verify experimentally. 
In terms of the wave equation formulation this 
attenuation is proportional to the imaginary part of 
the characteristic value associated with the mode 
dominant in the region of space in question. No one 
mode may necessarily be dominant, and in certain 
regions a weakly attenuated mode may be outweighed 
by a mode more strongly attenuated but with a 


@By Lt. William F. Eberlein, USNR, Office of the Chief 
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stronger initial excitation. Well inside the shadow 
zone, however, the “‘first”’ or least attenuated mode 
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Ficure 2. Horizontal attenuation of first mode and trapping index, 10,000 me, standard attenuation (0 M deficit): 


1.83 db per 1,000 yd. 
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Ficure 3. Horizontal attenuation of first mode and trapping index, 3,000 me, standard attenuation (0 M deficit): 


1.23 db per 1,000 yd. 


is frequently dominant. The results presented apply 
primarily to this situation 

The type of M curve considered is the bilinear 
model in which the M curve consists of two straight- 
line segments, the upper being assumed to possess 
standard slope. This model M curve is completely 
characterized by two parameters: duct thickness and 
M deficit. Figures 2, 3 and 4 refer to three 
frequencies (200, 3,000, and 10,000 me) and super- 
standard conditions corresponding to ranges of 1 to 
100 M units in M deficit and 10 to 1,000 ft in duct 
thickness. 

The solid curves are contours of constant decibel 
attenuation (of the first mode) per thousand yards. 
One enters the diagram with given values of duct 
thickness and M deficit and interpolates between these 
contours to obtain the corresponding attenuation. 

The dashed curves are contours of constant “‘trap- 
ping index” (number of classically trapped modes). 


In terms of the standard notation their equation is 


[as a2) 


Their significance lies in that they furnish an indica- 
tion of the number of modes other than the first that 
must be taken into account. If, for example, the 
bilinear M curve in question corresponds to a point 
midway between the m = 1 and m = 2 contours, 
the first mode is strongly trapped and the second 
mode attenuation is reduced considerably below 
standard. Which mode is dominant then depends 
critically upon the heights of transmitter and 
receiver, and the simple first mode picture becomes 
incomplete except at great distances and sae 
heights. 

Tf one attempts to apply these results to simple 
surface ducts differing from the idealized bilinear 


9A? 


M deficit = T6h2 
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model one should first approximate the actual M 
curve by a bilinear curve and then enter the diagram 
with the values of M deficit-and duct thickness 
corresponding to the zdealized curve. How to make the 
best bilinear approximation to a given M curve is 
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an important but still open question. 

Except for the 0.01- and 0.001-db contours, which 
were computed by an asymptotic method, the attenu- 
ation contours were cross-faired from preliminary 
Radiation Laboratory calculations. 
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Figure 4. Horizontal attenuation of first mode and trapping index, 200 me, standard attenuation (0 M deficit): 0.498 db 


per 1,000 yd. 
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Chapter 19 


APPROXIMATE ANALYSIS OF GUIDED PROPAGATION 
IN A NONHOMOGENEOUS ATMOSPHERE" 


Ne MILITARY IMPORTANCE of guided or 
“anomalous” propagation in a stratified atmos- 
phere is now well known. Unfortunately, or perhaps 
fortunately, the problem cannot be treated with the 
aid of known and tabulated functions except in some 
special cases because the exact field distribution with 
height is a function of a function, namely a function 
of the distribution of the modified index of refraction. 
For each distribution of this index with height we 
should have a curve for the field distribution. These 
curves will look similar in a general way and yet 
they will differ in detail; but in this particular 
problem we are not much concerned with details. 
Even if we had exact solutions we should still want 
some generalized way of expressing pertinent infor- 
mation. 

An approximate analysis of field distribution in 
terms of master curves, depending on one, or at 
most, two parameters, will be discussed. For example, 
if we have atmospheric conditions favoring forma- 
tion of a guiding layer immediately above the ground 
or sea level, then we can try to represent the field 
distribution with height with the aid of the master 
curve showr in Figure 1. This curve depends on only 
one parameter, H, so chosen that in the layer between 
(14) H and H, the field intensity does not deviate by 
more than 6 db from the maximum. 


(°) : 
QO O02 04 06 08 LO 1,2 


h/t 


Figure 1. Master curve for field distribution with 
height inside a duct. 


This particular curve is chosen for the first trans- 
mission mode, and it has been suggested by the exact 
analysis of guided waves in a homogeneous layer. 
In this case of sharp discontinuity in the index of 
refraction the field distribution curves are sinusoidal 
in the layer and exponential outside. The position 
of the maximum of the sinusoidal portion of the 
curve and the relative rate of decay of the exponen- 
tial part depend on the ratio of the wavelength to 
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the thickness of the layer and on the amount of 
discontinuity in the index of refraction. In Figure 2, 
curve 1 is identical with the curve in Figure 1; curve 
2 shows what happens if the wavelength is doubled; 
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10 1,2 
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Ficure 2. Master curves for wavelength d (1), 2A (2), 
and ¥% »d (8). 


and curve 3 corresponds to the case in which the 
wavelengthishalved. If the wavelengthis (8mv/2)/4& 
3.3 times as large as the wavelength corresponding 
to curve 1 or larger, no guided waves are possible 
with the field intensity vanishing at the ground or 
sea level. 

The situation is different if the index of refraction 
is allowed to vary continuously and to diminish 
indefinitely. Suppose, for instance, that the lapse 
rate of the index of refraction is constant. We don’t 
expect any critical wavelength in this case; as the 
wavelength increases we expect the field to spread 
out more and more. In fact, we expect the shape of 
the field distribution curve to remain the same, 
namely to be determined by that solution of 


CE 


Ga = [Bt = one (WN) E 


(1) 


which vanishes at.» = 0. In this equation 
E = the electric intensity; 


h = the height; 

e = the modified dielectric constant; 

w = the radian frequency; 

8 = the phase constant in the direction 


parallel to the stratification. 


We can try to approximate this solution by a curve 
of the type shown in Figure 1 in which case the 
problem is to select a proper value for H. The ques- 
tion may be raised regarding our preference for this 
particular curve rather than for curve 2 or 3 in 
Figure 2. We shall return to this point later; for the 
present we shall merely point out that curve 1 
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occupies a “mean” position among other curves of 
this type. 

There are two methods for selecting H. In one 
method H is defined as that value of h for which the 
coefficient 8? — wue(h) in equation (1) vanishes. 
This value of h separates the region in which the 
solution of equation (1) is “more” or less sinusoi- 
dal” from the region in which the solution is “more 
or less exponential.”” This definition leads to one 
equation connecting H and B. Next, the stratified 
region 0 < h < H is replaced by a homogeneous 
region in which the dielectric constant is equal 
to the average value of ¢«(h) in the interval (0,h). 
If we impose the requirement that curve 1 repre- 
sents the exact field distribution under the new 
conditions, we obtain the second equation for H and 
B. Eliminating B and expressing the result in sym- 
bols approved by the wave propagation committee, 
we have 


H 
nfm dhe He M(H) = = <— ». (2) 
0 


If the lapse rate'of M is constant, this mia gives 


H = 65x (- een (3) 
If M(h) is proportional to h?, then 
mei 
H = 18 "| : (4) 


If the lapse rate of M is constant, the exact solution 
may be expressed in terms of Bessel functions. 
Figure 3 shows the exact and approximate solutions. 

The second method is based on the fact that the 
solutions of equation (1) minimize and reduce to 
zero the following function: 


see Sal 
+[(F (Fi) aD: (5) 


In deriving this equation we should remember that 


~~ E? dh 


(e) 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 
Ey = (const) Ut [J4(U) + J_3 (U)] 
843 
U=*/, { i= 3a, } 


Ficure 3. (1) Exact solution normalized to have min- 
imum value of unity. (2) Approximation. 


Ey =sin p p< = 


Ey — Alesse? p> & 


we are concerned with solutions which vanish at 
h = Oandh = wo. Hence, if we wish to approximate 
this solution by a function of one parameter H, we 
eliminate H from the following two equations 


I=0,=5 =0. (6) 


If, for instance, we wish to approximate the field 
distribution by the master curve in Figure 1, we solve 


, oP _ 9 X 105 
aH L28 if 


v, (7) 


where 
H 
., omh 
es 2 oe 
i, M sin Z Ho 


—3ah 
— 55.5 M —— dh. 
iL el (8) 


By this variational method the numerical coefficient 
in equation (8) is found to be 64 rather than 65. 

The great advantage of the variational method 
lies in the fact that, if we wish, we can increase the 
number of parameters in the approximating func- 
tion. For example, we can assume 


E(h) in(F),0<h<H 


sin aexp| -v "a", >H, (9) 


without specifying that 9 = y = 37/4 as we did 
in obtaining the curve in Figure 1. We should then 
calculate H, 6, and y from 
ol ol ; 
I=0, Fy as = 0, —— ay =). (10) 

However, aside from the labor of solving these 
equations and having to deal with more complicated 
results, we shall lose the advantage inherent in a 
description of the field in terms of only one easily 
understood parameter. The most we could hope for 
from an analysis of these equations is a somewhat 
better choice of the master curve for the type of 
atmospheric conditions which are the most likely 
to occur. 

The obvious general conclusion from equations 
(7) and (8) is this: if M(h) is multiplied by a con- 
stant factor, the effect on H is the same as that 
obtained if we divide \ by the square root of this 
factor. If M is proportional to h”, then H is propor- 
tional to \”“*”), Since the gain of the guided wave 
over a free space wave is proportional to \p/H?, 
where p is the distance from the transmitter, the 
gain is independent of the wavelength when M(h) 
is proportional to h?. For a uniform lapse rate the 
gain varies inversely as one-third power of the 
wavelength. 


Chapter 20 


SOME THEORETICAL RESULTS ON NONSTANDARD PROPAGATION" 


PROPAGATION IN TILK OCEANIC 
SURFACE DUCT 


IK ANALYSIS SECTION of Columbia University 
Wave Propagation Group undertook a theoretical 
study of propagation in case of surface ducts, which 
have recently been reported to be of common oc- 
currence in oceanic areas. The M curve chosen was 


M(h) = 346.4 + 0.036h + 43e-%” (1) 


where the height h is expressed in feet. This curve 
has an M deficit of 43 units and a duct height of 48 
ft and is considered to be representative of condi- 
tions prevailing around Saipan when the wind is of 
the order of 10 to 20 mph. 

The analysis was based on the phase integral 
method. The standard W.K.B. (Wentzel-Kramers- 
Brillouin) version of the asymptotic solutions of the 
wave equation’ had to be extended in two ways. 
One was in the adoption of Langer’s form of the 
asymptotic solutions, 449 which enables one to bridge 
the “gaps” around the turning points. The other, 
and more important, development was in the exten- 
sion of Langer’s method to handle a case with two 
_ turning points. This was accomplished by joining 
the solutions from cach turning point at the duct 
height. The resulting solution agrees with Gamow’s 
for completely trapped modes but deviates from it 
when leakage begins. lor leaky modes the standard 
Langer solution is adequate. 

Coverage diagrams were computed for the S and 
X bands and for transmitter heights of 16 and 46 ft. 
In case of the § band, it was found that the first 
mode was nearly trapped, while the second mode 
was considerably leaky with a decrement of about 
3 db per nautical mile. The two modes were com- 
bined, and coverage diagrams were computed over 
ranges and heights such that the second mode 
contributed no more than 25 per cent to the total 
field. 

In the case of the X band, it was found that the 
first two modes were completely trapped, the third 
mode nearly trapped, while the fourth mode was 
leaky with a decrement of over 3 db per nautical 
mile. In computing the coverage diagrams for the X 
band, the four modes were combined over such 
ranges and. heights that the fourth mode did not 
contribute more than 25 per cent to the total field. 


“By C. L. Pekeris, Columbia University Wave Propagation 
Group, Analysis Section. 


183 


CHARACTERISTIC VALUES FOR A 
CONTINUOUSLY VARYING MODIFIED 
INDEX 

In the theoretical treatment of nonstandard prop- 
agation by the method of normal modes, one is 
confronted with the task of solving the differential 
equation for the height-gain function U(h) given by 
equation (2), which, it will be noted, is identical with 
equation (8) in Chapter 21. 


Um(h) ae k? [y(h) ar An] Un(h) = 0, 


Qn 

k = a0 , 
by asymptotic methods, the characteristic value 
A, is determined, to a first approximation, by the 


condition that 
1 
i) ®) 


(4) 


In order to solve equation (3) one has to find a 
value hi, which is generally complex, such that when 
y(h) is substituted in the radicand and the integral 


( (2) 
.y(h) = 2X 10°°M(h) , 


hi 
hk] Vy(h) = y(hi) dh =n =o (m - 
0 


Am = —y(hi) . 


hy 

Val) = y(hi) dh = F(hi) (5) 
evaluated, the result should be purely real, and equal 
tO Um/k. In ease of a surface duct, /(hy) is real and is 
a continuously increasing function of its argument 
for real values of h; ranging from zero up to the 
duct height hy. In order for #'(hi) to increase beyond 
the value F(h,) and still to remain real it is found 
that h; must be complex; i.e., the path in the complex 
hy-plane along which F(h) is real consists of the 
portion of real axis 0 Sh, Sh, followed by a curve 
in the fourth quadrant. 

In case of substandard refraction, F(hi) is real 
only for complex values of fi, and the method of 
solving equation (3) to be explained presently is 
particularly helpful in this case. 


Let 
y(h) = y(O) + bik + beh? + +++ +bh™ + ---, 


—2b2 
be? 


ii AY (—6bsbi1 + 12627) 
ie 15 ‘ 
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etc. 
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and 
g = ors (Sm\ wy — A, + y(0) (6) 
Qkh) ’ me ’ 
then 
= f 2 4 4 
Am = —y(hi) = —yX0) + 6 + (Fe) (he) 8 


«|| 4 A Shs) 
ar E (he) 105 cis | 


+500 E (ha)® = 3 (ha) (hs) + gst) a 


hy = —hw + au = a qroce , (8) 
where 


h 
h =ST, 
ah 


=> 


hg = & ,eoe 

Isquations (7) and (8) are of the nature of asymp- 
totic formulas; they should be terminated when the 
individual terms begin to increase, and the error in 
Am or A; is then of the order of magnitude of the 
last term retained. 

The following examples in Table 1 illustrate the 
degree of accuracy obtainable from equation (7). 

As a further check, we treated the case a = +20, 
dX = 0.6356, for which Pearcey and Whitehead!** 
give a value A; = —10.21 + 1.07 X 10~%2. Equa- 
tion (7) yields A; = —10.22, while the imaginary 
part obtainable from Gamow’s formula is 1.24 X 
Omesze 


TECHNICAL SURVEY 


It must be emphasized that the value obtained 
from equation (7) should be verified by carrying 


A ee ae NON 
out the integration of F(hy) = [ Vy(h) + Andh. 
While doing so, one may as well compute 


dF _ 


) [ " dh 

© Jo Vy) = yl)’ 
and then obtain a correction to hi by Newton’s 
method. 

The method of solving equation (3) explained 
above has been found especially useful in the treat- 
ment of substandard refraction, and to a lesser extent 
in the treatment of the trapped modes in case of a 
surface duct. In the latter case one can, of course, 
solve for A,, directly by computing F(h,) by numerical 
integration. The method is not applicable for the 
leaky modes in case of a surface duct. 

So far the discussion has centered on the solution 
of equation (3), which in itsclf is only an approximate 
asymptotic formula valid for large values of k. Let 
the value of A, which satisfies equation (3) be 
denoted by A,,); then an improved value for A, 
can be obtained from 


An = Ain?) 


SOM (OV penal L (DP 2B 
eon 6) Ole Gl a |e 


where 


h 
: dh : dy 

= SS = = GIR, (UA 

0 Vy(h) + Aa’) ~ dhy ie 


and the derivatives of y are to be evaluated ath = In. 


hy 
Tas.e 1. Approximate determination of Ai from equation (7) and the verification that [v y(h) + Ai dh = 2.383.* 


hi 
hy from ————— 

a ON Ax from equation (7) “tes a AG [vat + A, dh vy 
—20 0.6356 12.360 + 9.775% 0.3997 — 0.9518% 2.370 + 0.0042 2.383 
—10 0.6356 4.878 + 6.3027 0.4745 — 1.19827 2.397 + 0.010% 2.383 

—5 0.6356 1.499 + 4.257% 0.5691 — 1.46927 2.393 + 0.0097 2.383 

—2 0.6356 —0.764 — 1.787% 2.363 — 0.0087 2.383 


—0.246 + 2.9027 


y(h) =h+ co, 
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PERTURBATION THEORY FOR AN EXPONENTIAL M CURVE 
IN NONSTANDARD PROPAGATION: 


ABSTRACT 


i THIs chapter a perturbation method is developed 
for treating nonstandard propagation in the case 
when the deviation of the M curve from the standard 
(= the M anomaly) can be represented by a term 
ae-™, where z denotes height in natural units. The 
method is also applicable to other forms of the M 
anomaly which can be derived from an exponential 
term by differentiation with respect to \; in fact, in 
its region of convergence, it is formally applicable 
to the most general type of M curve, including 
elevated ducts. The region of practical convergence 
of the method ranges from standard down to cases 
where the decrement is a small fraction of the 
standard value. 

The procedure followed is to express the height- 
gain function U,(z) of the k-th mode in the non- 
standard case as a linear combination of the height- 
gain functions U,,°(z) of all the modes in the standard 
case. 


Use) = )) ArnUn°@) « (1) 


The execution of this plan hinges on the possibility 
of evaluating the quantities 


oO 


Bnm(A) =|) U,,°(2) U,,°(z) edz . (2) 


It is shown that Brn(A) satisfies the differential 
equation 


AB am 
dy 


1 
= DN + Bam(X) pS 


1 
| - ato (Dn? + Da!) ++ Zs (Dn 


—D,0)| , (3) 


whose solution is 


1 


= 0_— 
a? 


Bis 0 os 
2 Pn FD) +t a5 a 


A 


3 
_z O+p 0H -= 41 (py 0_p_ 02 
= es pyr Oy 


0)2 
D,) 


Bum () = 


r 
es 
oVz 


(4) 
Here D,,° denotes the characteristic value of the 
m-th mode in the standard case. For large » the 
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following asymptotic formula holds 


Bam => 
2 
[>s+20 (D,.° + D,°) — 2+ (Dn - v| 
8 ES + 2d (Dn° + D,°) — : (Dn° — Dat)| 


3 
[» + 2d (Dn? + D,°) — 2 +; (DP= 40) | 


Having determined the B,,(A) from equation (4), 
or by a numerical solution of equation (3), the 
characteristic values D, and the coefficients A,,, are 
to be solved from the infinite system of equations 


» Ain [ =F D,,°) Onm =F OBnm 0) | = 
m=1 
n= 1,2,3 0 0.0 (6) 


For this purpose a simple iterative procedure has 
been developed, which has been found to be rapidly 
convergent. The A,,,, are normalized by the condition 


[ue (2) dz=1= yy Alig (7)° 


m=1 
One can also expand D, as a power scries in a 
D, = Di+aDi+eDi+---, 


2 
DO = = Bas D© =e TS at. 


(T™ Sells 


An alternative expression for D is given in equa- 
tion (65). 
INTRODUCTION 


In the theoretical treatment of nonstandard 
propagation by the method of normal modes, one is 
confronted with the task of solving the equation 


CUn 
dh? 


Il 


+ ke [wm oF An | U, = 0, (8) 


subject to the condition that U,,(0) = 0 and that 


inm = 1, 
fn = 0. 


n= m 
nm =m. 


The integral | UK @)dz diverges when taken along the 


real axis; it converges, however, and to the same limit, when 
the path is a radial line in the fourth quadrant of the z plane. 
In the sequel, whenever an integral is divergent it will be 
understood that the path is suitably modified. 
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at h— ©, U, should represent an upgoing wave 
only. Here h denotes height in feet. 


y(h) = Nh) —-1=2 X 10° M(h) ,k = 2 (9) 


and A,, is the characteristic value which is generally 
complex. It is convenient to introduce natural units 
of height 


ou h — ()-27)-3 LGN —9 —1 
2= 7H = (a)4,g = Gp = 2:36 X 10% cm™, 
4 


whereby equation (8) is transformed into 


— oP E + f(z) + Da | CG) =O. Cul) 


The term f(z) in equation (11) represents the refrac- 
tion anomaly and is equal to zero for a standard 
atmosphere. In the first instance we shall be treating 
the case where 

f(z) = ae, (12)¢ 


and we shall later generalize the treatment to deal 
with any M curve represented as a series of Laguerre 
functions. If the original M curve is represented by 
the expression 


M(h) = bh + ae , b = 0.036 ft, (18) 
then a and ) are obtained as follows: 


4 
a= 2x 10*(E)'a,n = cH. (14) 


It is to be noted that in contrast to the constants a 
and c in equation (13), which are independent of 
frequency, the constants a and \ in equation (12) 
are frequency dependent. For a given observed M 
curve the constants a and A will therefore differ with 
the frequency band used, as will also the neight 
represented by one unit of z. 


FORMAL SOLUTION OF THE PROBLEM 
BY THE PERTURBATION METHOD 


In order to solve the equation 


aU (2) 
dz* 


i E Taps D, | TG) 0, CS) 


we seek a solution in the form 


CJ 


U;, = yy AimU n° (2) ? (16) 


m=1 


where U,,°(z) are the height-gain functions of the 
m-th mode in the standard case, which satisfy the 


“No confusion should arise from the use of \ in equation 
(12) and the standard usage of \ to denote wavelength. 


equation 


@U7°(2) 
dz? 


i [: i Da! | Ut) — 0) a) 


i [ U,,°(2) } dz=1. (18) 


The solutions of equations (17) and (18) are: 
Uni(2) = Cnut Hy® (u) , w= 2 (2 + Dy®)$ ,(19) 


1 


can for SQ) [2100 ra. 


1D) = Tres - m= (3) ) (21) 
2 
where 
Tx (Um) + J_4 (Um) = 0. (22) 


For small z the power series development of U,,°(z) 
is useful: 


Une) = 1) Alz* (23) 
py i 

1 . 

Ap= — pga [Pettus Ae], 20 


DE\e | DO 
(Goal cee a 


while for large z one may use asymptotic expansion 
of equation (19) 


(25) 


Hy®(u) > ee ei(— u + 5m/12) . 
TU 


bi 385 
[2 + 72u 10,368u2 * | (26) 


If now the expansion (16) be substituted into 
equation (15), we obtain, on making use of equation 
(17), the condition 


> Arm | — D,°) + ae 7 U,(2) = 0. (27) 


On multiplying this equation by U,°(z), where n is 
any integer, and integrating from 0 to © we get a 
system of equations for the determination of D, and 
the A pm: 


yD Aim [ sal D,,°) 8nm + 2B on(d) | =0, 
ii n=1,2,3--- es) 


C-} 


Bnm(A) = [ Un(z) Un(2) edz. (29) 
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The characteristic values D, are then obtained as 
the roots of the infinite determinant. 


D, — D;° + aBi, aBi2, Bis, 
aBo, Dy — De® + aBo2, aes, 


aBs1, aB32, D, — D3° + aBss , 
ms CO DOPE EOS SCE 2 Ae RCEC (30) 


Having determined D, from equation (30), the 
Ajm are obtained by solving the system of linear 
equations (28). 


EVALUATION OF Bnm() 
AS AN INDEFINITE INTEGRAL 


The primary task in the perturbation method is 
the evaluation of the exchange integrals Bam(A) 
defined in equation (29). We shall accomplish this 
by proving that Bpm(A), as a function of A, satisfies 
a differential equation of the first order for which 
an explicit solution can be given. For this purpose 
we shall study the function 


#(z) = U,°@) Un) ; (31) 
where 


Un%(z) + [z+ Dn] Unr(2) = 0, (32) 
U,%(z) + lz + D,) Un%(z) = 0. (33) 


By multiplying equation (32) by U,%(z), equation 
(83) by U,,°(2) and subtracting, we obtain 
— U,° U 2) = — 0,9 — D.) Un Un; 


(34) 


= — (D,° — po fo m(z) U,°(x) dx . (35) 
Now it can be verified by direct substitution that 
F + 2F (D, +.Dm + 22) + 2F 

= (Dn® — Dz) (Un Un? — Un® Un!) 
= (Dr) Dao [ Fe) dz . (36)° 
From equation (36) it follows that 


P= 2 Qe + Deo + DOF +5 ?'| 


aS F (Dp? — D,®)? i F(a) dz. (37) 
0 
We may also note that 


F() = 2U,,°0) U,(0) = —2, (38) 


€This is the first occasion in the author’s experience where 
use is made of the fact that the product of two functions, 
each of which is a solution of a distinct second order ordinary 
linear differential equation, satisfies a fourth order linear 
differential equation.45? 


o o 


/ e-™ Fdz = e™ (F + F)| +» I e™ Fdz 
0 0 


0 


2 


= ve fe  Fdz . (39) 


z 


[- ty af F(a) dx = — pe | F(a) dx 


+3 fern waif re dz. (40) 


o 


iy Wad! 
fe F(z) dz = aN 


We now substitute equation ah in the integrand 
of equation (29) and obtain 


e- F(z) dz. (41) 


o 


Bum 0) =| re eM dem | ede x 
0 
2) (2 + Dj + Dio) F +A Fi 
dz| “* m + Dy) +5 


+ ¥ (Dy? — Dy’)? i Faas} 


1 ao 
= — Dat — Dar} | Nz 
= 2 | e* FG) de 


+[eet rato sri lo| 
rf [Ge + Dit + Dad) P+ 5 Fa 
= je / o* Fe) 
[ 22 + Dp "+ Dao) +5 M+ (Dat — D4) |e 


= 1 — 2) Bam (d) 
= eh 


+ Ban(X) po. °+ Da) +e +2 @,0 - 0,9] 


(42) 


It follows that the exchange integral B,m(A) satisfies 
the first order differential equation 


dg) ae 


The solution of equation (48) is 


» eS Wane) 
Bam (A) = we ee j 
r 
dr _ 20 +9) -2 a tet 1 (pe - Do)? (44) 
AV att i ; 
0 
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PROPERTIES OF Bnm() 


For small ) the solution of the differential equation 
(43) can be started with a power series in }. 


1. nim 
nt 2heHn!s iowk/3 Xk (45) 
Bam(A) aah ne (t™ eae Tn)? fond Cre , 
6 
CO=1-,n= CaS ap? 
C= 10C, = 2 Gm =F Tn) 
tad Ga ra Tn)? : 


_ 14C2 — 2C) (1m + 1) 


Ys (Ga = a) ; 
Cn fe (4n =F 2) Cran = 2 (Gps Tn) Cro r= Cr : (46) 
(Ga i Tp) 
2n=m 
Bom = 14+ BiA4+ BorX?+---:, (47) 
2 0 = es 2(0) 
By = 3 Dn , B, 15? ; 
-~1, 8 pa) 
fn Te. 3 
pe ono p, BE || CS) 
n (Qn ae 1) m n— GQ) 


For intermediate values of \ one may either use 
the integral in equation (44) or integrate numerically 
the differential equation (43). The latter procedure 
was advocated by Hartree. 

For large values of \ an asymptotic expansion can 
be obtained directly from equation (43) by writing 
it in the form 


Bam (A) os 
2 ABum (X) 
2 de Oe 
ne + 2d (D2 + D2) — 2 + (D2 — Dd)? 


2 


N+ 2d (DB + D3) — 2 + 5 (DS — DB)? 


8 | a TL, (DD E52) = < (D8 is yy] 


+ 


[» + 2d (D2 + D8) — 24 i (Dn — Dy). 
(49) 


An alternative asymptotic expansion can be derived 


from equation (44) by partial integration 


Bmn— 


2 
[» + 2d (Dp + Dt) +5 (Dn — 3) | 
4 [a+ 20a + D9 - 309 — Dye] 


ae ate LE Pg Lp (50) 
[a+ 20 (D8 + Dy +4 (D8 — DY] 


In doing so one needs to prove that 


o 


3 
Gi FDR, + DA) = ig + a5 (Dh — DH)” 
0 Vx 
=V,, = 0. (51) 


We shall state here without proof that 


C 3 
dx — rp0_7_ 
Wee —— m 12 
l Va- 
TV 1 2\' 
= "YE (Z) hu (Da!) he (Dnt), (52) 


where h,; and he are Furry’s functions of the first and 
second kind defined as 


vee Ge) 


2) VETO G 2). (54) 


Since by definition of D,,.°, ho(Dn°) = 0, it follows 
that Yinm = 0. The proof of equation (51) for n + m 
is left as an exercise to the interested reader. 


hy (x) 


he (x) 


ITERATION METHOD OF SOLVING 
FOR THE CHARACTERISTIC VALUES D, 
AND THE COEFFICIENTS 4,, 


In solving equations (28) and (80), which are of 
infinite order, one proceeds by first assuming that 
Aim = Oform > p, where p is a convenient integer, 
and then evaluating D, and Ajm, m = 1,2--: p 
Next, one assumes that A,, = 0 for m > p + 1, 
resolves for D, and the A,,,, and the accuracy of the 
results is judged by the agreement between the 
values in successive approximations. The direct solu- 
tion of equations (30) and (28) is, however, a labo- 
rious process which rapidly increases in complexity 
as p exceeds about 4. The following iterative pro- 
cedure has been found effective and of the same 
intrinsic simplicity for any value of p. 

To begin with, the p equations in equation (28), 
being homogeneous, do not determine the absolute 
values of all the A, but merely the ratios of (p — 1) 
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of them to a p-th one. The absolute values are then 
determined from the normalization condition 


/ U,%(2) dz =1= Aa (7) 


Let therefore 


Crx =1 5) (55) 


and the p equations in equation (24) are just suffi- 
cient to determine the (p — 1) constants C,, and 
D,. We divide the equations in (28) by A, and pick 
the k-th equation (n = k) to solve for D,, while the 
other equations are used to solve for the Cym, as is 
illustrated in the scheme below for the particular 
case of k = 1. 


D, & D,° 


= = — — Bu — Cr Bie — C13 Bis — re (56) 
a a 
(2 - 2 + pu) Op 
a a 

= — Bir — Cis Bos — Cis Bu — - ~~, (57) 
(2 = P+ te) Cr 
a a 

= — Bis — Cie Bos — Cis Bar — Tene a) (58) 
(2 - 28 + pu) Cu 
a a 

= — Bu — Cie Ba — Cis Ba — AA een aS (59) 


As a first approximation one puts 


0 
Ds — By = Bu ? (60) 
a a 
erase Bie 
0 
(2: age pss) GD 
a a 
Cy = — Mesa SB etc. , (62) 
0 
(2 - 28 + Bus) 
a a 


where the value of D,/a obtained from equation (60) 
is used in equations (61) and (62). Next, one substi- 
tutes these values of the C’s in the right-hand sides 
of equations (56) to (59) and resolves for D:/a and 
the C’s. This procedure has been found to be rapidly 
convergent and is, furthermore, self-correcting in 
case of arithmetical errors. 


EXPANSION OF D,; INTO A 
POWER SERIES IN a 


When a is small, it is convenient to expand D, 


into the series 
D, = DD. +aD, +0?D,@ ++++. (63) 


It is known from standard perturbation theory that 


2 
DD = — Bex; D, = e'*/8 > eee i) eee : 
* - (T™! —? Tk) 


mek. (64) 


It is possible also to derive an alternative expression 
for D&?: 


3 
1 ONS 6 
DEN ag 


= (4 
24/d 


il = D,° =z (23/12) 
e . 
0 


[( i x) Dy (X +2) + De (A) Dy @ |ve a 


Dy (X) = 5 Ds ()? + 


1 poe d+ (93/12) | 


Ay/)\ - 
i [ > Q) + (2 a *) Di (+ »\va dz. (65) 


=D, (A)? + 


Since the former expression is simpler for compu- 
tational purposes, we shall not give here the deriva- 
tion of equation (65). 


APPLICABILITY OF PERTURBATION 
METHOD TO A MORE GENERAL CLASS 
OF M ANOMALIES 


It is possible to apply the results obtained for the 
case when the M anomaly is of the form f(z) = ae-* 
to more general types of M anomalies. To begin with, 
if 

fle) = ae + ye, (68) 
then we merely write in equation (28) in place of 
OBnm(A), [@Bnm(A) + Bnm(u)]- Once the Bnm(X) are 
computed as functions of i, there is no additional 
labor required to deal with an f(z) which consists of 
a sum of any number of exponential terms. If instead 
of f(z) = ae-* we had {@ = aze-, then the corre- 
sponding 6’,,(A) would be 
Bran (0) = | Unt) Unde) 20% de = — Ban) (67) 

0 

Tf Bam(A) is known, dBam(A)/ddA can be computed 
directly from equation (43). When equation (43) is 
integrated numerically, the derivative dBpm(A)/dA is 
computed at each point in any case. Evidently, for 
T(z) = az*e-“, where k is a positive integer. 


Blam (A) = il U,,%(z) U,%(z) 2* e™ dz 


es (—) a*Bnm (A) ? 


dy? 8) 
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By successive differentiation of equation (43), it 
is possible to express any high order derivative of 
Bam(A) in terms Of Bam(X). From a purely formal point 
of view we can say therefore that by our method we 
can treat any M anomaly by expanding it into a 
series of Laguerre functions, since these functions 
involve only terms of the form z*e~”. It may be 
pointed out that a single term z*e~” vanishes both 
at the ground and at great height and reaches a 
maximum at z = k/d. Such a single term is therefore 
suitable to represent an elevated duct. 


COMPUTATIONAL PROGRAM 
FOR THE EXPONENTIAL MODEL 


The Analysis, Section of the Columbia University 
Wave Propagation Group has undertaken the com- 
putation of B,n(A) for \ = 0(0.1)4.0 and n,m = 
1, 2, 3, 4, 5. With these functions tabulated, it is 
planned to compute the characteristic values D,, for 
such values of a and ) that the difference between the 
values of D, obtained from the fourth order deter- 
minant and from the fifth order determinant will be 
only about 0.01. The program also calls for the 
computation of the height-gain functions from equa- 
tion (2), since the coefficients A,m will be obtained 
simultaneously with the D, when the iteration pro- 
cedure is used. This will be possible only in a limited 
region of low altitudes, since at great heights the 
Un (2) increase rapidly in magnitude as m is 
increased. However, near the ground the U,,°(z) are 
all of the same order of magnitude (= 7z) and 


oy Aree (69) 


m=1 


ae dUx (0) _ 


If this derivative of U,(z) at the ground can be 
obtained with sufficient accuracy, then one may use 
it to integrate numerically the original equation (11). 
It is well known that, for a given order of the deter- 
minant used, the characteristic values D, are 
obtained with higher accuracy than the height-gain 
functions. 

It may be added here that Bu(A) computed from 
equation (44) agrees up to A = 5.0 with the values 
given by Pearcey and Tomlin.1% 

The perturbation method will of course become 
inefficient when trapping conditions are approached. 
For such values of a and A, asymptotic methods may 


provide approximate values for the D,, provided 
care is taken at each stage to estimate the order of 
magnitude of the error involved. It is planned to 
map out by a combination of these methods the 
real and imaginary parts of D, in the operationally 
relevant region of the a, ) plane. 


Symbols for Use in 
Theory of Nonstandard Propagation 


= standard slope of N? curve = 2.38-10~ m~! 

= slope of lower section of N? curve in bilinear 
model . 

=s3. 


= N?—1=2M - 10- 


= (kg)! h = h/H height in natural units 
(kK = 2/d) . 


H = (k?q)+ = 7.24 don! (feet) natural unit of height . 
x = 1/2 (kq?)! d = d/L distance in natural units . 


L = 2 (kq?)+ = 6.69 Aun? (thousands of yards) = 
natural unit of distance . 


xan © KIS BK 


h, = anomaly height (height of joint in bilinear 
model) . 


g = h,/H anomaly height in natural units . 
An = characteristic value (for y = Oath = h,). 


Dm = (k/q)! Am = Bn + i1Am characteristic value in 
natural units 


X = s-? D (abbreviation for use in computing) . 


etwt — 2mid/\ — ix/4 Ont 
ony 

Ve 

depends 
on A 


W=e 


plane wave 


aa eam? + iB, . Un (21) Un (22) 
» 


ee 


natural units only 


[urea 
0 


R = slant range . 


d = horizontal range . 
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FIRST ORDER ESTIMATION OF RADAR RANGES 
OVER THE OPEN OCEAN" 


1 ese MOST STRIKING nonstandard propagation 
conditions are for the most part associated with 
meteorological conditions which can exist only over 
those portions of the sea which are contiguous to 
extensive land masses. At large distances from the 
coasts, however, low ducts exist which, though they 
never produce strongly locked modes at the usual 
radar frequencies, nevertheless modify radar ranges. 
The problem of the low duct has the great advantage 
that conditions are sufficiently near standard that 
numerical solutions can be found in convenient form 
by an extension of the perturbation methods of wave 
mechanics. 

At appreciable distances from land the temperature 
of the air is essentially that of the sea, and the air 
is in neutral equilibrium. Montgomery has pointed 
out that under these conditions there is much 
evidence to support a logarithmic distribution of 
specific humidity. 

The logarithmic distribution of water vapor leads 
to an M curve given by 


2 on (22 =m 2 

where d is the duct thickness, z is the height coordi- 
nate, and a is the radius of the earth. If we plot the 
function in the brackets, we obtain the dashed 
curve of Figure 1. 

This type of M distribution is inconvenient because 
(a) the logarithmic term which represents the modi- 
fication does not approach zero as the height increases 
as a modification term should; and (b) In(z/d) 
becomes infinite when z = 0. Accordingly it is pro- 
posed to replace the function in the brackets by the 
first two terms of its series expansion about the 
minimum. This amounts to substituting for the 
logarithmic curve a parabolic curve which has the 
same minimum point and the same radius of curvature 
at the minimum point as the original distribution. 
At twice the duct height the parabola has a standard 
slope, and it is continued from that point upward as 
a straight line of this slope (AB in Figure 1). 

The modification term is now represented entirely 
by the departure of the parabola from the line 


M—M, 


AB, ie., 

—_ mu, = 21092 Dea z 
M—M,= 109811 +3(3 1)'], 0<5<2 
yp eee z 
as lg = 7 UO ip SF: 
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When the duct is low, the modes leak and are not 
far different from the standard ones. Thus it seems 


Zapazs 
a Png 


Figure 1. Schematic M curve for ground-based duct. 


reasonable to employ the well-known methods of 
perturbation theory for calculating the characteristic 
values and functions of the parabolic atmosphere in 
terms of departures from standard. 

If we brush aside mathematical questions of a 
delicate nature, it is possible to obtain an approxi- 
mation for the characteristic values which leads to 
the following expression for the fractional change in 
the attenuation constant (i.e., the real part of ym) 


Re (Fm) — Re (Ym) 
Re (Ym) 


5 
-f (¢ — 6) Im [h2? (¢ + en)] at 


5 [ha’ (€m)]? Im (em) 315 
Here, Re and Im designate the real and imaginary 
parts, and 
2d 


jas, 


L 


L is an abbreviation for (ad?/6z?)} and is equal to 
33 ft for \ = 10 cm, 


Ym is the characteristic value for the standard case, 

‘Ym is the characteristic value for the parabolic case, 
5 ON? 2 

ha(z) is () AH,0(5#), 

H,® is the Hankel function of second kind, order 


2 
14, of the argument Ge), 


€m’s are roots of he(f) = 0. 


The expression above has been evaluated for the 
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first mode by summing the series for he and perform- 
ing the integration numerically. This curve is remark- 
able for the considerable interval in which the 
ordinate is practically zero. The attenuation constant 
differs by less than 1 per cent from the standard for 
ducts below 6 = 1.2. Beyond this value the effect of 
the duct increases rapidly, and when 6 = 1.7 the 
attenuation constant is 10 per cent different from 
standard, and at 6 = 2 it is 20 per cent different. 

It seems that at least for radar purposes the 
condition 6 < 1 is a reasonable and convenient 
condition for defining a negligible duct. This is 
equivalent to saying that L/2 is the thickness below 
which a duct may for practical purposes be disre- 
garded. For instance, at \ = 10 cm, L = 33 ft, and 
hence we conclude that the effect of ducts less than 
16 ft in thickness on 10-cm radars may be neglected. 
On the other hand, if the wavelength is 3m, L = 300 
ft, and ducts below 150 ft in thickness are negligible. 

If in the interest of simplicity we neglect the effect 
of small variations in the characteristic values on 
the characteristic functions, the fractional change in 
attenuation constant is also equal to the fractional 
change in the range against surface targets. It follows 
that the estimation of range can be reduced to a 
measurement of sea temperature and specific hu- 
midity at masthead level; for the duct thickness d 
under conditions of neutral equilibrium is given by 


q; is the saturation specific humidity at sea tempera- 
ture and q, the specific humidity at masthead. I is 
a parameter for which a representative value is 
0.08, and (dq/dz)o is the gradient of specific humidity 
required to give zero M gradient under conditions 
of constant potential temperature. It is taken as 
14 g per kg. 
Thus it turns out that 


pr. Qs — Va 
6 = 0.32 aa 


is in grams per kg per 100 ft . 


h qs — Ve 
where L 


If L is given the appropriate value for \ = 10 cm 


6 = qs — Qa (g per kg) . 


For illustrative purposes, scales of (¢, — qa)/L and 
qs; — Ga for \ = 10 cm have been added in Figure 2. 


Bq/t  G/KG/100 FT 


1.0 
Aq G/KG 


Ficure 2. Fractional drop in attenuation constant of 
the first mode versus duct thickness. Bottom scale for 
Aqand A q/L corresponds to \ = 10 cm. 


It is emphasized that the calculations are rough 
and are presented only in the belief that some sort 
of simple guiding principle may be more useful than 
a highly accurate and cumbersome formula. The 
results given are accurate out to variations in range 
of 1 per cent, and the determination of threshold 
thickness is completely reliable. Extension beyond 
5 = 1.2 is a definite extrapolation. The trend indi- 
cating that the increase in range goes up at least as 
fast as the sixth power of the duct thickness for 
5 > 1 is, we believe, real. 


ore 


Chapter 23 


CONVERGENCE EFFECTS IN REFLECTIONS FROM 
TROPOSPHERIC LAYERS* 


AX ELEVATED DUCT may be treated as a concave 
spherical mirror whose radius of curvature is 
a, the effective earth radius. This includes any layer 
that can act as a reflector to radiation incident at a 
sufficiently small angle. The problem is here con- 
sidered as one of geometrical optics only. Ray tracing 
methods are used, and the phases are assumed to 
add randomly. This assumption may introduce an 
error as large as 3 db in the result but is necessary 
to simplify the solution of the problem. If the reflec- 
tion coefficient is other than unity, it must be 
multiplied into the general relation which will be 
given for C=KLM the net convergence factor. 


CONVERGENCE FACTOR 


A bundle of rays leaving a transmitter below the 
reflecting layer is converged on reflection from a 
concave surface. The convergence factor K is the 
ratio of the power density at the receiving antenna 
after convergence to the power density at the 
receiver that would be expected after reflection from 
a plane surface (essentially free space condition). 
Referring to Figure 1, the convergence factor can 
be expressed as 


Ka- & ty oa 


760, + y662’ () 
or ; 
oF ay ‘ 
Sis (1 aR sin ¢ (2) 
where x = distance from transmitter to point of 
reflection, 
y = distance from receiver to point of reflec- 
tion, 
R=2x-+ y = total range, 


a = effective earth’s radius (usually 4,590 
nautical miles), 
¢ = angle of incidence of radiation at reflec- 
tion, 
other angles as shown on Figure 1. 


RECEIVER 


TRANSMITTER 


Ficure 1. Convergence factor K. 


Equation (2) can be deduced from equation (1) 
by remembering that 


af _ 266; 
Baa ae (3) 
and 
Oy S503 So 
asin ¢ 


The form shown in equation (2) is the more useful 
and is similar to the divergence factor for reflection 
at a convex surface that has been in use for some 
time. Equation (2) shows that K can grow quite 
large and even become infinite for certain conditions. 
Curve 1, Figure 2, shows a plot of the absolute value 
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Ficure 2. Value of K for height of layer (6 in ft) versus 
range (nautical miles). 


of K as a function of b, the height of the layer above 
the antennas, for a total range of 80 nautical miles. 
This plot also assumes s = y = 40 miles, which is 
a necessary condition for a smooth reflector. In this 
case, K becomes infinite for a layer 1,100 ft above 
the antennas. Curve 2, Figure 2, shows a plot of 
the layer height 6b necessary to give infinite conver- 
gence as a function of the range (plotted on right- 
hand scale). 


ROUGHNESS EFFECT 


The most apparent difficulty with the picture 
presented so far is that the layers actually are not 
perfectly smooth. In order: to take that fact into 
consideration, it was assumed that the layer was 
composed of a large number of plates set at various 
small angles about the horizontal according to a 
Gaussian distribution. As in other parts of this 


8By Ensign W. W. Carter, USNR Radio Division, Consult- 
ant Group. 


194, 5 TECHNICAL SURVEY 


problem, variations are considered only in the plane 
of transmission, since the effect of sideways deviation 
would cancel out. This reduces the problem to one 
of two dimensions only. Each plate is further assumed 
to retain its original curvature. 

A beam falling on a patch of these plates would 
be reflected in such a way as to spread the energy 
at the receiver in a vertical pattern similar to the 
Gaussian distribution of the plates. It is only neces- 
sary to integrate this curve over the width of th 
antenna to find the fraction, L, of the total energy 
that will be useful. Z will be a function of the 
probable value of the deviation of the plates, the 
range, and the antenna width. 

With the rough layer assumption, there will be 
some plates correctly oriented at each part of the 
layer to reflect energy into the receiver. Therefore, 
a third factor, M, must be included that is the ratio 
of 7/8, where y is the total angle subtended by the 
layer that can reflect rays to the receiver. y would 
be limited by the optical horizons. 6 is the angle 
subtended by the receiving antenna when reflection 
is from a plane surface; i.e., essentially, free space 
conditions. 

The net convergence factor C must be the product 
of these three quantities K, L, M. In this case, K 
must be the mean value of K averaged for various 
points of reflection. In order to integrate the expres- 
sion for the mean value of K, it is necessary to substi- 
tute for sin ¢ in equation (2). 


ino= (2424242), © 


which gives 


si 8 (xy)? ie 
a E — Rab + =. 6) 


This expression is easily integrated if the product 
ay is used for the variable and xy; = 1(R — x). 

Example: The preceding developments have been 
applied to the one-way link of the U.S. Navy Radio 
and Sound Laboratory at San Diego, which has been 
extensively studied. High subsidence layers are 
common for this region. The probable value of the 
deviation of a reflecting plate from horizontal was 
taken as 0.1° as an engineering approximation. In 
this case, C equals 43, assuming a reflection coeffici- 
ent of I. If the reflection coefficient is not unity, its 
value as a function of angle of incidence must be 
multiplied into the equation. 

Since K, Z, and M can each vary through con- 
siderable limits, C can vary through a very wide 
range of values. 


CONCLUSIONS 


The statistical treatment of the roughness is not 
always applicable, since a finite number of plates 
would actually be engaged in reflecting energy. 
Hence, the received signal would vary almost ran- 
domly with time as the orientation of the plates 
changed slightly. This could produce marked fading 
and peaks of large amplitude. Primarily, however, it 
would explain signals of the magnitude of free space 
signals or higher. 
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Chapter 1 


METEOROLOG Y—THEORY* 


MODIFICATION OF WARM AIR BY 
A COLD WATER SURFACE» 


Ta OF THE COMMONEST TYPES of M curves which 
produce nonstandard propagation are the S-shaped 
curve and the simple trapping curve where M decreases 
from the surface to 200 ft, say. The S-shaped curve 
occurs in regions of subsidence, for example, in the 
extensive subtropical anticyclones. The forecasting 
of this phenomenon will not be presented in this dis- 
cussion which is confined to the simple trapping case. 

During 1943 the question arose regarding the 
feasibility of forecasting the change in the temperature 
and vapor pressure distribution as warm air flows over 
a cold water surface. Through practice, considerable 
success had already been obtained in forecasting the 
M curve a few miles offshore in Boston Harbor. How- 
ever, it was suggested that a general method be de- 
vised whereby the M curve could be predicted for 
greater distances from the shoreline and for different 
regions of the world. In order to solve this forecast 
problem the Boston Harbor soundings were investi- 
gated in the light of turbulence theory. 

Two factors had to be kept in mind, namely: 

1. The Boston Harbor soundings of temperature 
and vapor pressure were scant. A more serious diffi- 
culty was the total absence of data at distances in 
excess of 15 miles from the land. 

2. Since forecasting techniques were the primary 
aim it was necessary to find a solution which was 
suitable for field use. 


Diffusion Equation 


The differential equation for turbulent mass ex- 
change may be written 
=) 
oz] ~ 


ar _ 2(x 
ot 0z 


If K, the coefficient of eddy diffusion, is assumed con- 


(1) 


See also Parts II.and III of Chapter 17, Volume 1, Com- 
mittee on Propagation. ; 
bRy J. M. Austin, Meteorology Department, MIT. 
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stant, then 
pl oad = # (4) = 
elie \/4Kt 


where # = error function, that is, 


2 [Fw 
E(é =~ [i dz, 


1, (2) 


T’ = temperature at a level z over the ocean, 
T = initial temperature at z over the land, 
T,, = initial air temperature over land at z — 0, 
T. = water temperature, 


t = time. 
Values of K were then computed from the observa- 
tional data by evaluating the ratio (Z’—T) /(T,.—T ») 
for different evaluations and different times. These 
values were averaged for each level and the results 
shown in Table 1 were obtained. After plotting K 


TaBLE 1. Values of K. 
Eleva- 
tion 
in ft 20 50 100 200 300 


K 0.014 x10! | 0.07 x10 | 0.18 x 104 | 0.38 x 104 | 0.67 x 104 


against elevation, the approximate linear variation 
of K was extrapolated to give values of K for eleva- 
tions up to 700 ft. This level of 700 ft lies well within 
the limit of 250 m which was indicated by Mildner* 
to be the level where K reaches its maximum. 

These values of K were then used to construct Table 
2, which gives (7’—7')/(Lo—Tw) for all levels in 
terms of the time that the air has been over the water. 
The same values of K were obtained from the analysis 
of vapor pressure changes; hence the same table can 
be used to evaluate the ratio (e’—e)/(e¢—é»). From 
this table it is a simple matter to reconstruct the M 
curve at any distance over the ocean, provided the 
initial state of the air is known. An example of the 
changes in the M curve are given in Figure 1. 


Discussion of Procedure 


Summarizing the favorable aspects of this study, 
it can be stated that: 
1. The values of K were almost identical for vapor 
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pressure and temperature changes. This suggests that 
the data were reliable. 

2. The values of K agreed with those of Giblett? 
for wind variations from the surface to 150 ft. 

3. This extrapolation method, that is, the error 
function extrapolation, gives reasonable values after 
a long period of time. A check was made by compar 
ing Taylor’s data off Newfoundland with computed 
values. This check was quite good. 

4. 'Fhe procedure is simple, and consequently the 
weather officer could readily calculate the M curve. 

However, the entire method may be criticized be- 
cause : 

1. In the integration of the diffusion equation K is 
assumed constant while in the application of the in- 
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Ficure 1. Changes in M curves resulting from modifica- 
tion of warm, dry air over cool, moist surface. Zero time 
corresponds to the coast line; 14 hr, 14 hr, etc., refer 
to the time the air has been over water. 


tegrated formula K was found to vary with elevation. 
The values of K which were used in the final analysis 
are therefore “effective values.” 

2. K has been considered to be independent of the 
degree of roughness (probably a justifiable assumption 
over the ocean), the degree of stability, and the wind 
velocity. These factors were neglected solely because 
the scant data did not allow a complete analysis of 
the variation of K. 


These “effective values” should give some indication 
of the true variation of K. They suggest that K varies 


linearly with elevation except for a quite rapid increase 
in about the first 30 ft. Consequently it seems reason- 
able to assume that 


a 2 | oet y=]. 
z oz 


If K = pz-+q then, from the statement that 
K (8u/8z) = constant (eddy stress does not vary with 
height), the velocity variation with elevation is given 
Dy 
u=alog (+6) +C. 

The question now arises: In the laminar layer, is the 
wind variation with height represented by a logarith- 
mic law? 


Previous Investigations 


For many years research workers have studied the 
wind variation near the ground. A few of the conclu- 
sions will now be presented. 

1. In 1932, Sutton® assumed a certain form of the 
coefficient of correlation between the velocities of the 
air particles considered at time ¢ and at an interval 
of time later. This assumption implied that there 
was a power law for the variation of wind with height. 


u Gy n 
= —) | — n= . 
nl Al 2—n 
2. In 1933, Cardington and Giblett? analyzed an 
extensive series of observations at 4 ft and 143 ft. Of 
course with only two points the observations could be 
made to fit either a power law or a logarithmic law. 
If a power law held, then m is a function of the degree 
of stability and wind velocity. If a logarithmic law 
held, then K is a function of these same quantities. 
3. In 1934, Best* analyzed data which was meas- 
ured at seven elevations between 2 cm and 5 m. He 
concluded that the velocity variation was best repre- 
sented by a logarithmic function of the form 
u— log (2 — C) 
where C’ is a constant. 
Furthermore he found that the power law could be 


TaBLE 2. Values of (T’ — T)/(To — Tw) or (e’ — e)/(€o — ey); initially To > Tx, €0 < ey. 


Time in hours 


Elevation ; 
in ft Ye yy 34 1 14% 
0 1.0 1.0 1.0 1.0 1.0 

20 0.23 0.40 0.49 0.55 0.63 

50 0.17 0.34 0.43 0.50 0.58 
100 0.09 0.23 0.33 0.40 0.49 
150 0.04 0.15 0.24 0.31 0.41 
200 0.02 0.10 0.19 0.25 0.35 
250 0.01 0.08 0.15 0.22 0.31 
300 0.01 0.07 0.14 0.20 0.29 
350 0.01 0.05 0.11 0.17 0.26 
400 0.00 0.04 0.09 0.14 0.23 
450 0.00 0.03 0.07 0.12 0.20 
500 0.00 0.03 0.05 0.10 0.17 
550 0.00 0.02 0.04 0.08 0.15 
600 0.00 0.01 0.03 0.07 0.13 
650 0.00 0.01 0.02 0.06 0.11 
700 0.00 0.00 0.01 005 0.10 


All values are negative. 


2 3 4 6 10 15 20 
1.0 1.0 1.0 1.0 1.0 1.0 1.0 
0.67 0.73 0.77 0.81 0.85 0.88 0.89 
0.63 0.69 0.73 0.78 0.83 0.86 0.88 

0.55 0.63 0.67 0.73 0.79 0.83 0.85 
0.48 0.56 0.61 0.67 0.74 0.80 0.82 
0.42 0.51 0.57 0.64 0.71 0.77 0.80 
0.38 0:47 0.54 0.62 0.69 0.75 0.78 
0.36 0.45 0.52 0.60 0.68 0.74 0.77 
0.33 0.43 0.49 0.58 0.67 0.73 0.76 
0.30 0.40 0.46 0.55 0.65 0.70 0.74 
0.27 0.37 0.43 0.53 0.63 0.68 0.72 
0.24 0.34 0.40 0.51 0.61 0.67 0.71 
0.22 0.32 0.38 0.49 0.59 0.65 0.70 
0.20 0.29 0.35 0.46 0.57 0.64 0.69 
0.18 0.27 0.33 0.44 0:55 0.62 0.67 
0.16 0.25 0.31 0.42 0.53 0.61 0.66 
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applied only to shallow layers and even then m varies 
quite considerably with height, wind velocity, and 
vertical temperature gradient. 

4. In 1936, Sutton,° who in 1982 suggested the 
power law variation, definitely favored the logarithmic 
variation. Furthermore he showed how one could 
handle the problem of varying stability. Sutton. an- 
alyzed different sets of data, ranging to 30 m in 
elevation, to support the logarithmic variation. 

5. In 1936, Sverdrup® criticized Sutton’s logarith- 
mic law and favored a power law in regions of stability. 
As evidence he introduced Rossby and Montgomery’s‘ 
analysis as well as his own data. 

6. In 1937, Sutton’ quite satisfactorily met Sver- 
drup’s criticism and pointed out that all experimental 
evidence suggested the logarithmic variation rather 
than the power law variation. 

This represents only a cross section of opinion and 
perhaps may be summarized as follows: 

1. In an indifferent or unstable atmosphere the 
logarithmic law is generally accepted. 

2. In a stable atmosphere there is more support 
for the logarithmic law than for the power law. 

One writer summarized the situation very aptly 
when he said that all modern mathematical studies 
on atmospheric turbulence are inexact and depend 
on certain wide assumptions. 


Conclusion 


The question now arises, should one assume a 
power law variation, or is the true wind variation 
better represented by a logarithmic law? Certainly 
the experimental evidence tends to favor a logarithmic 
variation. The advantages and disadvantages of either 
assumption may be summarized briefly as follows: 

1. Power law variation. 

a. m varies with stability, wind velocity, rough 
ness, and elevation. 

b. The mathematical analysis is too complicated 
for practical use. 

2. Logarithmic law variation. 

a. Agrees reasonably well with experimental 
data. 

b. Agrees with yon Karman’s logarithmic law. 
von Karman has shown that this law covers 
an exceedingly wide range of turbulence. 

ce. K, like m, varies with stability, wind velocity, 
roughness, and elevation. 

d. If the logarithmic law holds, K is then a 
linear function of height. With this relatively 
simple expression for K it should be much 
easier to handle the diffusion equation than 
in the case of a power law variation. 

e. Provided the integration of the diffusion equa- 
tion is not too complicated, one should be able 
to reconstruct the temperature and vapor 
pressure curves. Consequently the exact shape 
of the M curve can be calculated. 


In conclusion it should be borne in mind that 
theoretical discussion is futile. At best we can only 
make certain assumptions and derive a result. If this 
result agrees with observational data then the original 
assumptions are justified. Furthermore, practical con- 
siderations demand that the final solution be simple 
enough for application in the field. 

It seems certain that over a wide range of elevation, 
say 300 ft, the true wind variation cannot be uniquely 
defined by one specific logarithmic law or one specific 
power law. The most desirable procedure may then 
be an analysis of observations in as simple a manner 
as possible but yet flexible enough to take care of the 
most important changes. Consequently it is suggested 
that experimental data be analyzed on the assumption 
that K varies linearly with elévation, i.c., 


Sot el eens) 
at dzN az dx dz\ dz 


where K = pz-+-q, ana « is the distance measured 
horizontally. If accuracy is not seriously affected it 
is further suggested that approximations be intro- 
duced in order to facilitate the application of the 
results for field use. 


DIFFICULTIES OF LOW-LEVEL 
DIFFUSION PROBLEMS* 


The effect of a temperature inversion is largely a 
secondary one in that by reducing the coefficient of 
diffusion it favors the formation of large humidity 
gradients. The coefficient ot diffusion A is calculated 
from the wind profile which is assumed to satisfy a 
power law of the form U = Az™. 

The difficulty arises because m is fixed once and 
for all before we solve the equation and thus the 
theory cannot take account of changes in the tempera- 
ture gradients of a diurnal character in so far as they. 
affect the humidity distribution. At the same time we 
believe that K is very sensitive to the temperature 
gradient. 

Further, values of m have been used which have no 
meteorological support. The value m = 0.5, for ex- 
ample, implies a wind structure which is absurd if 
extended up to 100 m and it certainly is invalid near 
the ground. Chemical warfare technique measures m 
directly by measuring #, the ratio of the wind at 2 m 
to the wind at'1 m. Even in the very extreme condi- 
tions which prevail over land no value of @ exceeding 
1.35 is observed. This makes m = 0.33. Over the sea, 
even in a low layer, it is very unlikely that a value of 
m differing significantly from 1% would be found. 

The difficulty is that power laws apply only for very 
limited ranges of height and can be extended only by 
using a different power. Their only merit is that they 
enable the equation of diffusion to be solved; the 


By Lt. Comdr. F. L. Westwater, Naval Meteorological 
Service, Royal Navy. 
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power law is not a law of nature. A complete so.ution 
of the problem would involve a theory giving K as 
a function of temperature gradient. A start has been 
made on this for the case of still air which is agitated 
by thermal turbulence originating from heating on 
its lowest level. The value of K so calculated is small 
compared with that for a light wind. It seems likely 
that the effect of an inversion on K will also be small. 

To sum up, radar personnel should be warned that 
the diffusion theory is at present in a highly unsatis- 
factory state ; any conclusions drawn from it should be 
treated with the greatest reserve, and some calcula- 
tions already published are based on assumptions 
which have no meteorological foundations. 


PRELIMINARY RESULTS OF METEOR- 
OLOGICAL MEASUREMENTS IN 
MASSACHUSETTS BAY? 


The modification produced in land air when it 
passes out over water is known to be particularly effec- 
tive in producing nonstandard microwave propaga- 
tion. The preliminary results of this study are covered 
in the present report; they are necessarily incomplete 
and tentative. 


Modification of Air Flowing 
over Water 


To begin with, some basic considerations will be 
presented. Figure 2 shows an airplane sounding in air 
which is warm and dry relative to the underlying 
water. Before leaving land the air was vertically 
homogeneous; that is, potential temperature and 
specific humidity were constant. This may be seen 
by comparing the observed temperature and vapor 
pressure with the broken straight lines drawn for 
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Figure 2. Typical airplane sounding, giving temper- 

ature and water vapor variation with height. 
homogeneous air. The straight line of modified index 
of refraction M is constructed for homogeneous air; 
it is close to standard. The air is being modified by 
loss of heat to the water and by evaporation. 

At the common boundary the temperatures of air 
and water are identical. he vapor pressure also is 
given by the water temperature; over sea water the 


4By R. B. Montgomery, Radiation Laboratory, MIT. 


vapor pressure is 98 per cent of the saturation value 
corresponding to the water temperature. It follows 
that the modified index at the surface is determined 
by the water temperature alone. 

Figure 2 illustrates in a striking manner the simi- 
larity in shape of the three curves. The ratio of the 
change from unmodified value at any height to the 
change at the surface is the same for all three quan- 
tities. 

Modification of air over water is due largely to 
turbulent mixing, which transports heat and water 
vapor in exactly the same manner (the eddy dif- 
fusivity is identical for both). Next to the water 
boundary there is always a laminar layer, through 
which heat is transported to the turbulent layer by 
true conduction while the water vapor is transported 
by true diffusion ; the coefficients for these two related 
processes happen to be nearly the same, so heat and 
water vapor are transported vertically to nearly the 
same relauve degree. he temperature distribution is 
modified by radiation also, but for an initial period 
of a few hours this is unimportant compared with the 
processes just mentioned. 

When initially homogeneous air flows over water of 
constant temperature, a necessary result is therefore 
that the curves of temperature and water vapor pres- 
sure are similar. Furthermore the M curve is similar 
also, because within the range of any sounding the 
modified index is approximately a linear function of 
temperature, vapor pressure, and height. 

The extent of similarity revealed in Figure 2 is 
unusual. Often the three curves have very different 
shapes. In the latter case the deviation from simi- 
larity can be ascribed (1) to lack of homogeneity in 
the unmodified air, (2) to varying water temperature 
along the air’s trajectory, or (3) to radiation during ~ 
prolonged over-water modification. 


The M Deficit 


The distances on the base line from the straight 
broken line to the arrow are the temperature excess 
and humidity deficit respectively. There is obviously 
a corresponding quantity pertaining to index of re- 
fraction. The M deficit may be defined as the value 
of the modified index at the water surface less the 
representative surface value in the unmodified air. 

Temperature excess, humidity deficit, and M deficit 
are related, so any two fully determine the difference 
between unmodified air and air at the water surface. 
The two of most direct significance are M deficit and 
temperature excess. Forecasting is simplified by their 
use: Temperature excess is necessary in drawing the 
temperature curve; similarity and M deficit then give 
the M curve directly. Another advantage in using 
M deficit is that whether it is positive, zero, or nega- 
tive determines at once whether the modified air is 
probably characterized by an M inversion (layer 
where modified index of refraction decreases upward) 
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by standard, or by substandard M curves, respectively. 
For instance, the positivé M deficit in Figure 2 is a 
condition necessary for the M inversion to occur, 

Specifically, if homogeneous air blows over a water 
surface of constant temperature and if the M deficit 
is positive, there is always an M inversion at the 
water surface. Whether or not this extends sufficiently 
high to be of importance in the refraction of radio 
waves depends in part on the magnitude of the M 
deficit and on the temperature excess. 

If homogeneous air blows over a water surface of 
constant temperature and if the M deficit is zero, the 
M curve necessarily remains practically standard. 

In the case of a negative M deficit a substandard 
M curve is developed. It should be noted that in this 
case (as well as in the previous one) the air is losing 
water vapor by condensation on the water surface. 
This is simply the reverse of the process with dry air. 


Neutral Equilibrium 


For simplicity the analysis which follows is limited 
to cases of positive Mf deficit. There is then a surface 
M inversion, the height of which is a convenient 
quantity to study as a dependent variable. The inde- 
pendent ones are M deficit and temperature excess 
and, as will be seen, two others. 

The first and least complicated case is the one of 
neutral equilibrium, which corresponds to a tempera- 
ture excess close to zero, say within 1 C of zero. Since 
there is no appreciable temperature gradient, the I 
curve depends only on the moisture distribution. 
Furthermore this case practically requires a vapor- 
pressure lapse at the surface, because in the lower 
part of a homogeneous layer the vapor cannot be 
saturated (see Figure 3). Hence there is always an 
M inversion at the surface. Neutral equilibrium is 
prevalent far from shore. 
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Figure 3. Probable course of modification of warm air 
over water under ideal conditions. A, initial stage. 
D, final stage. 


With neutral equilibrium frictional turbulence is 
unhindered. Mixing extends to a height roughly pro- 
portional to the wind speed; a wind of 20 mph at 
100 ft gives mixing up to about 2,000 ft. 

The intensity of mixing increases upward rapidly 


from the surface, so large vertical gradients are con- 
fined to the region of relatively little mixing close to 
the surface. The M inversion probably never extends 
above 100 ft. 

It has been well established that under neutral 
equilibrium the eddy diffusivity is directly propor- 
tional to height within the so-called turbulent. bound- 
ary layer, which forms the lower tenth of the entire 
frictional layer mentioned above. In this case wind 
speed, temperature, and vapor pressure are linear 
functions of the logarithm of elevation. 

While the details are not presented here, it is easily 
shown that these logarithmic distributions demand 
that the height of the top of the M inversion be 


i= 50 rAM 10-6, 


where a is the radius of the earth, AJ/ is the Mf deficit, 
and T is a meteorological parameter depending on 
wind speed alone in the case of complete neutral 
equilibrium. Thus the height of the Mf inversion is 
directly proportional to the J deficit with neutral 
equilibrium. 

Published data indicate that the effect of wind 
speed is not great and give an average value of T = 
0.08. This yields d/AM = 2 ft. Data obtained during 
the summer’s (1944) project agree with this result. 


Unstable Equilibrium 


The second case is the one of unstable equilibrium 
or negative temperature excess. This is similar to 
neutral equilibrium in that the I deficit is always 
positive and there is always a surface MM inversion. 

Instability adds convective mixing to the frictional 
mixing that would otherwise be present. This con- 
vective mixing is especially effective in the central 
region of the unstable layer and hence confines the 
large vertical gradients within a still thinner surface 
layer. 

The logarithmic distributions are characteristic of 
neutral equilibrium only. Consequently, in the un- 
stable cases the height of the M inversion is not simply 
proportional to M deficit but depends on M deficit in 
a more complicated manner. In spite of this the pro- 
portionality will be assumed as a useful approxima- 
tion in studying the unstable and stable cases also. 

The ratio of height of M inversion to M deficit is 
definitely less for unstable than for neutral equili- 
brium. Tentatively it may be said to range between 
0.2 ft and 2 ft. 

Stable Equilibrium 


The last case is the one of stable equilibrium. Sta- 
bility reduces the mixing with high levels, thus per- 
mitting a deeper surface layer of strong gradients to 
form (as shown in Figure 2). Thus the ratio of height 
of M inversion to M deficit may be expected to be 
always greater in stable equilibrium than in neutral 
equilibrium. 
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Stability reduces the mixing to such an extent that 
the air is progressively modified during a long over- 
water trajectory. It is therefore necessary to introduce 
a fourth independent variable, length of over-water 
trajectory, to supplement I deficit, temperature ex- 
cess, and wind speed. 

Under ideal conditions there is reason to believe 
that the modification would pursue the course sketched 
in Figure 3. The final state would be an essentially 
homogeneous layer capped by a temperature inversion 
at the level already mentioned for the top of the fric- 
tionally produced turbulence in neutral equilibrium. 
The temperature of the layer would follow an adia- 
batic lapse rate from the water surface to the top. 
The water vapor would be saturated at the top of the 
layer, specific humidity being nearly constant through- 
out the layer except for a strong lapse at the surface. 
Intermediate stages in the formation of this final state 
are indicated qualitatively in Figure 3. 

It should be noted that the later stages have a 
transitional or S-shaped M curve and that qualitative 
theoretical considerations do not reveal which. The 
initial stage is, however, characterized by simple sur- 
face trapping, and it is this stage only for which data 
are presented below. 

The soundings have been studied to determine em- 
pirically how the ratio of height of M inversion to M 
deficit depends on temperature excess, wind speed, 
and length of trajectory. To eliminate complex M 
curves the analysis has been limited to cases con- 
forming closely to the following ideal conditions. 

1. Initially homogeneous air. 

2. Constant surface-water temperature along the 
air trajectory. 

3. Constant wind (wind not changing with time 
following a parcel). 

The ratio of height of M inversion to M deficit is 
found to increase with length of over-water trajec- 
tory quite markedly in the first 10 miles. From 10 
miles to 30 miles there is not much further increase. 
Beyond 30 miles the preliminary analysis reveals no 
general information. 

Figure 4 gives some tentative results based on 
various:sources of information. This includes the cases 
of neutral and unstable equilibrium in addition to 
stable equilibrium. Within the stated range of over- 
water trajectory this diagram gives the height of the 
AI inversion as a function of temperature excess, wind 
speed, and MM deficit. A complete analysis of the ob- 
servations will yield similar diagrams both more ac- 
curate and more detailed. These should prove of 
definite use in forecasting M curves. 

In conclusion, it should be made clear that the work 
summarized in this report is a group undertaking. 
A large number of persons, some of them members 
of Radiation Laboratory Group 42 and other mem- 
bers of the U. S. Army Air Forces, took part in the 
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Ficure 4. Ratio of height of M inversion to M deficit. 
For positive temperature excess the over-water trajec- 
tory is 10 to 30 miles. 
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development and construction of the instruments and 
in the observing. 


METEOROLOGY OF THE SAN DIEGO 
TRANSMISSION EXPERIMENTS? 


During the summer of 1944 a rather intensive ex- 
perimental propagation program was carried on in 
San Diego area. The main purpose was to determine 
the distribution of radiated radio energy in the lower 
troposphere under the wide range of weather condi- 
tions prevailing during this season. A temperature 
inversion was present from around the first of June 
through October; the base of the inversion varying 
from the surface, on a few occasions, up to an alti- 
tude of some 4,000 ft. This inversion is characterized 
by dry superior air subsiding over moist maritime 
polar air. 


Methods of Observation 


The field strength data were taken in two ways. A 
fixed one-way link between San Pedro and San Diego 
gave continuous records on frequencies of 52, 100, 
and 547 megacycles, and vertical airplane sections 
taken at several different distances west of San Diego 
gave almost instantaneous records of the energy dis- 
tribution for the same range of frequencies. 

The meteorological data were obtained by the use 
of an airplane and wired sonde; the technique of the 


_ latter was described in detail in a previous report.® 


The captive balloon or wired sonde is a modified ver- 
sion of the Washington State College equipment.’ 
Daily soundings were taken at the Scripps Pier at 
La Jolla, 11 miles north of the laboratory. Two 1-week 
periods of continuous shipboard soundings were made 
from a YP ship operating in the middle of the San 
Pedro to San Diego link. 

The principal use of the airplane has been in tak- 
ing vertical field strength sections seaward from the 


*By Lt. A. P. Stokes, U.S. Navy Radioand Sound Laboratory 
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laboratory. During these flights meteorological sound- 
ings were made as frequently as possible. The labora- 
tory was fortunate in obtaining from the Washington 
State College group one of their original sonde units 
and has adapted this equipment for use in the air- 
plane soundings. The temperature and humidity ele- 
ments were mounted in an unobstructed aluminum 
housing approximately 14% ft above the nose of the 
PBY-5A airplane. 

Since the airplane served the dual purpose of ob- 
taining both meteorological and field strength meas- 
urements, all tlie data were obtained on a fixed course. 


Field strength sections were made in rapid descents 
and the meteorological data were obtained in ascents. 
Navigational difficulties prohibited spiraling for the 
meteorological data and theréfore these soundings 
covered considerable horizontal distance. Due con- 
sideration of this. was made in plotting the cross 
sections. 


The San Diego High Inversion 


In the summer season San Diego lies within the 
belt of the subtropical anticyclones, and, with the 
absence of surface frontal activity, a stagnant circula- 
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Ficure 5. Structure of a moderately high inversion near San Diego. 
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tion exists. Because of the persistence of high-level 
anticyclonic circulation aloft, pronounced subsidence 
is maintained throughout this season; 1944, in par- 
ticular, was characterized by very low humidity above 
the 2-km level. By subsidence aloft a thermal inver- 
sion exists over a large maritime area and thus forms 
the boundary between the lower maritime polar and 
the continental tropical or superior air aloft. Varia- 
tion in height and magnitude of the inversion is the 
governing factor in daily weather’ phenomena. There 
exists a close correlation between the height of the 
base of the inversion, the pressure at 10,000 ft, and 
the lapse rate of temperature between the 5,000- and 
10,000-ft levels. It is found that with the mmtensifica- 
tion of the pressure field aloft, the lapse rate of tem- 
perature approaches the dry adiabatic condition and 
thus, under these conditions, indicates increased sub- 
sidence. Consequently tne depth of this marine struc- 
ture is diminished by the lowering of the base of the 
inversion. 

Figure 5 shows the typical structure of a moderately 
high inversion. Usually the lapse rate of temperature 
below tke base approaches, and in some cases exceeds, 
the dry adiabatic condition. This vertical mixing in- 
sures a homogeneous air mass characterized by the 
constant vapor pressure in the marine stratum. 

Figure 6 shows the typical elevated S type M curve 
for this condition. 

The discontinuity surface between the two distinct 
air masses exists over a large area. Soundings have 
been confined within a 130-mile radius of the labora- 
tory, but observations on an FC radar indicate trap- 
ping conditions existing between San Diego and Guad- 
alupe Island 225 miles to the southwest. 
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Ficure 6. M curve corresponding tc the inversion shown 
in Figure 5. 


Shape of the Inversion Surface 


Emphasis must be placed on the fact that, the dis- 
continuity surface is not horizontal over the area but 
is at any time a warped surface. Figure 7 shows a 
series of M curves taken by airplane to the seaward 
of the laboratory. Both the height of the inversion 
and gradients in the transitional layer vary greatly 
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Figure 7. M curves at different distances and times. 
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with distance. Repeated soundings indicate that the 
apparent slope is not due to large scale lowering dur- 
ing the time interval between observations. The cluster 
of M values along the mean lapse rate of M in the 
upper and lower strata indicates the homogeneity of 
the two air masses along the vector. The possibility 
of the coexistence of elevated and surface gradients 
has been considered. No significant surface discon- 
tinuities have been detected. 

There is a general tendency for the base of the in- 
version along the shore to have a maximum height at 
0800 and a minimum at 1600. Through the exchange 
of meteorological data between the University of Cali- 


. fornia at Los Angeles and the laboratory this fact is 


now fairly well established. 

Figure 8 is a plot of refractive index from a series 
of plane soundings. The diagonal lines show the 
height and distance from the base at which measure- 
ments were made. Each line is marked with the time 
of beginning and ending the flight. The numbers at 
the ends of the curves are the refractive index (n—1) 
multiplied by 10°. The indices are independent of fre- 
quency for this range. Again it is noted that conditions 
vary along the vector. 

Figure 9 is a plot of refractive index taken by air- 
plane along the San Diego-San Pedro path, indicat- 
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Ficure 8. Isopleths—refractive index [ (~=1) 108], 


ing the magnitude and height of the strong gradients 
along the path. The time interval of each sounding is 
shown on the appropriate section. 

Again it must be emphasized that the discontinuity 
takes the shape of a warped surface, that the gradi- 
ents vary from point to point, and that the maximum 
air density change occurs in the region of maximum 
refractive index gradient. Interface waves in the 
density discontinuity are possibly superimposed on 


the already nonuniform structure. These small inter- 
face waves are evident by the undulations on the top 
surface of the stratus cloud deck. The top surface of 
the cloud deck, which is often present, marks the air 
mass boundary and is thus a good indicator of the 
base of the inversion. 

It is therefore evident that meteorological observa- 
tions required for a thorough study of propagation 
conditions must be as extensive as possible. 
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Ficure 9. Curves of constant refractive index along the San Diego to San Pedro path. 


TABLES FOR COMPUTING THE 
MODIFIED INDEX OF REFRACTION, Mt 


Introduction 


The index of refraction of the atmosphere, modi- 
fied for use on a plane-earth diagram, is a quantity of 
great importance in the study of radio wave propaga- 
tion. It is defined by 


M= [ hry ‘| 10%, (1) 


where n = ordinary index ot refraction, 
h = height above sea level (not ground level), 
a = radius of the earth. 
The equation for n is obtained from Debye’s theory 
of the dielectric constant of gases. In terms of atmos- 
pheric quantities, equation (1) assumes the form 


Ap De . Be 3 
TS ee han ar Oley (2) 
where p = barometric pressure (in millibars) 
(1 mm Hg = 1.333 mb), 
e = water vapor pressure (mb) 
(e is of order of 1% of p), 

T= temperature in degrees Kelvin, 

A= 19, B = 3.8 X 10°, C = 0.1570, D = 11, 
where h, the height above sea level, is measured in 
meters. 

The constants A, B, and D have been selected to get 


‘By E. R. Wicher, Columbia University Wave Propagation 
Group. 


the best agreement with experimentally determined 
values of n. The constant C is 10° times the reciprocal 
of the earth’s radius in meters. A more detailed ex- 
planation of this formula is given under “Constants 
of the Index of Refraction Formula” found on p. 219. 

The formula (2) may be used to calculate M when 
p, T, and e are known functions of height. Nomo- 
grams have been prepared to facilitate such calcula- 
tions. In this paper tables are presented which permit 
these calculations to be carried out quickly and accur- 
ately. M is a number of the order of 300 to 500. 
Physically, the important quantity is the slope of M, 
i.e., dM/dh. This often calls for calculating M at fairly 
close height intervals, 15 m or even less. The values of 
M at such heights may differ by only two or three M 
units. Hence, to obtain even two significant figures 
for this quantity, the M’s must be computed to four 
significant figures, that is, to tenths of an M unit. 
It is with a view to this situation that tables were 
computed. 

These tables fall into two groups, depending upon 
how the moisture in the atmosphere is evaluated. In 
the first group (Tables 3 to 7) the moisture is given 
in terms of relative humidity or vapor pressure ; in the 
second (Tables 8 to 11) the mixing ratio is used. 


Use of Tables 


The following examples explain the mechanics of 
using these tables. The first two examples use the first 
group of tables: Tables 3 to 7 inclusive. The quantities 
H and G which appear in these examples are auxiliary 
functions which are fully explained in the appendix. 
Examples III and IV use Tables 8 to 11. 
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Example I 


Relative humidity and temperature given. 
Pv = 1,000 (p, is pressure at sea level). 


h* meters 
above 
sealevel (°C RH% H' GA M,' M,' M,' M” 
20 13 60 275.6 0.0 275.6 41.4 3.1 320.1 
70 13 50 274.0 0.0 274.0 34.5 11.0 319.5 


120 15 35 
450 12 30 
1,000 9 20 
5,000 —20 20 


270.5 0.0 270.5 27.1 18.8 316.4 
262.6 0.0 262.6 19.5 70.7 352.8 
248.2 0.2 248.4 10.9 157.0 416.3 
159.0 7.0 166.0 1.2 785.0 952.2 


“Columns for A (meters), t°C, and RH% give the experimentally de- 
termined data. (The heights are measured from sea level.) 

‘Column for H is read from Table 3. 

4@At is obtained by multiplying values of G given in Table 4 by 
At = to —t, where éo is the air temperature at ground level. Interpolation 
is unnecessary in this table. This correction may be omitted except where 
high accuracy is desired. 

§Mq is the sum of H and GAt. (If p0 ~ 1,000 this column should be 
multiplied by 79/1,000 to obtain the true Mg. This, however, is necessary 
only if pp differs appreciably from 1,000 mb, since only the difference of 
refractive index from its value at the ground is of importance and this 
difference is not sensitive to moderate changes of 79.) 

‘Mj is obtained from Table 5. 

1M, is obtained from Table 7 or by multiplying the column for h by 
0.1570. 

“M is the sum of Mg, My and Me. 

M]t should be noted that pp refers to the barometric pressure at sea 
level, not ground level. The difference in these quantities may be appre- 
ciable. 


Table 9, which gives pressure as a function of 
height and temperature, provides a simple method of 
calculating the sea level pressure from a measurement 
of the ground level pressure. For example, suppose 
the elevation of the ground above sea level is 100 m, 
the temperature is 15 C, and pressure at the ground 
is 993.0 mb. Table 9 shows for this height and tem- 
perature, p/p, = 0.9882. In this case, p = 992.0, and 
hence 


p 993.0 


EHzample II 


Vapor pressure and temperature given. 
Po = 1,000 mb at sea level. 


h* meters 
above 
sealevel t¢ Ht Gat Mi f M,' M. M~ 
10 15.0 10.0 274.0 0.0 274.0 4.543 45.4 1.6 321.0 
40 15.2 9.8 273.0 0.0 273.0 4.5387 44.5 6.3 323.8 


75 15.5 9.6 271.5 0.0 271.5 4.527 43.5 11.8 326.8 
150 16.0 9.2 268.6 0.0 268.6 4.511 41.5 23.6 333.7 
300 15.0 9.0 264.7 0.0 264.7 4.543 40.9 47.1 352.7 

1,000 10.0 7.0 247.40.3 247.4 4.706 32.9 157.0 437.8 


“Columns for A, t, and e are the given data. (The heights are measured 
from sea level.) 

{Column for H is read from Table 3. 

4GAt is obtained by multiplying values of G given in Table 4 by 
At = t — t, where & = temperature at ground level. Interpolation is 
unnecessary in this table. 

§Mq is the sum of H and GAt. [If 2) ~ 1,000 this column should be 
multiplied by 79/1,000 to obtain the true Mg. This correction may usually 
be omitted (see Note §, Example I).] 

‘vf, is obtained by taking the product of f, given in Table 6, by e. 
A slide rule gives sufficiently close results here. 

‘1M, is obtained from Table 7 or by multiplying the column for h by 
0.1570. 

“M is the sum of Mg, My, and Me. 


Example III 


Mixing ratio w and temperature given. 
po = 1,000 mb at sea level. 


h* meters 
above sea 
level t w Ft p/po' (p/po)F' M;' M' 
20 15 9 339.0 0.9976 338.2 3.1 341.3 
40 16 8 380.6 0.9953 329.0 6.3 335.3 
100 17 7 322.2 0.9882 318.4 15.7 334.1 
150 17 7 322.2 0.9824 316.5 23.6 340.1 
300 14 6 319.0 0.9650 307.8 47.1 354.9 
500 11 4 307.9 0.9420 290.0 78.5 368.5 


* Columns for h, ¢, and w are the assumed data. w is expressed in grams 
of water vapor per kg dry air. 

1 F is read directly from Table 8. 

1p is read from Table 9. In this table 7 means average temperature 
between ground and height h. 

(If 29 ¥ 1,000 this result should be multiplied by 7) / 1,000. This step may 
usually be omitted.) 

Sip / Po) F is the product of the two previous columns. 

' Mf, may be obtained from Table 7 or by multiplication of h by C=0.1570. 

1 © is the sum of (p/p 9)F and M.. 


Example IV 


Mixing ratio and temperature given. Simplified method 
satisfactory for h < 500 m.** 


h* meters 
above haut 
sea level ¢ w Ft wu} 100 (n—1)10°Mi M 
20 15 9 339.0 0.0 0.0 3381 3.1 341.2 
40 16 8 330.6 1.7 O1 329.0 6.3 335.3 
100 17 7 3222 40 0.2 3184 15.7 334.1 
150 17 7 322.2 60 0.3 316.5 23.6 340.1 
300 14 6 319.0 11.8 06 307.8 47.1 354.9 


500 11 4 307.9 18.7 10 290.2 78.5 368.7 


“Columns for h, ¢, and w are the assumed data. These data are the same 
as in Example III. 

tF is read from Table 8, as before. 

+u is read from Table 10. 

5 Avis read from Table 11. Aw is then to be multiplied by h/100 to give 
the column AAu/100. 7% is the average centigrade temperature from 
ground to h. 

"The column (n—1)108 is given by F — u+ hAu/100. If the average 
temperature ¢ is negative, this column is F — u — (hAu/100). 

1M, is obtained, as before, from Table 7. M is the sum of (n—1)10® 
and Me. 

“This method is not accurate above 500 m. It: will be noted, by com- 
paring the results here with those of Example III, that there are occasional 
differences of 0.1 M units. This is due to rounding off and is not significant. 


Procedure Used in Setting up Tables 


TABLES 3 TO 7 — RELATIVE HuMmMIDITY AND 
TEMPERATURE GIVEN 


Equation 2 may be written 


M=M,+M,+M., (8) 
where 
_ Ap 
Ma ae T? (4) 
M, = fe, (5) 
M, = Ch, (6) 
with 
B D 
a Ce @ 


Tables have been prepared which give the quantities 
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Ma (dry term), VM, (wet term), and M, (curvature 
term) separately. 

Dry Term. Since equation (4) contains the pressure 
p, Which is not usually measured as a function of 
height, it is necessary to eliminate direct considera- 
tion of p. For this purpose a simplification of the 


calculating height as a function of pressure is suffi- 
cient. This simplification neglects very small pressure 
effects caused by humidity variations and the change 
of the acceleration of gravity with height. This prob- 
lem is discussed more fully in the section on pressure 
versus height, below. The pressure may then be written 


elaborate formula used in the Smithsonian tables for p = pe, (8) 


Taste 3A. H fort from —30 C (—22 F) to —20 C (—4 F); h to 2,000 m (6,562 ft). 
po = 1,000 mb at sea level 


\ie > 


—26 —25 —24 


Va 
7 h (ft) 


dl 0 325.1 323.8 322.4 321.1 319.8 318.5 317.3 316.0 314.7 313.5 312.3 0.0 
10 324.6 323.3 322.0 320.7 319.4 318.1 316.9 315.6 314.3 313.1 311.9 32.8 
20 324.2 322.9 321.5 320.3 319.0 317.7 316.5 315.2 313.9 312.7 311.5 65.6 
30 323.7 322.4 321.1 319.8 318.5 317.2 316.0 314.7 313.5 312.2 311.0 98.4 
40 323.3 322.0 320.6 319.4 318.1 316.8 315.6 314.3 313.1 311.8 310.6 131.2 
50 322.8 321.5 320.2 319.0 317.7 316.4 315.2 313.9 312.7 311.4 310.2 164.0 
75 321.7 320.4 319.1 317.9 316.6 315.3 314.1 312.9 311.6 310.4 309.2 248.1 

100 320.6 319.3 318.0 316.8 315.5 314.2 313.0 311.8 310.5 309.3 308.1 328.1 
150 318.3 317.0 315.8 314.5 313.3 312.0 310.8 309.6 308.4 307.2 306.0 492.1 
200 316.1 314.9 313.6 312.4 311.1 309.9 308.7 307.5 306.3 305.1 303.9 656.2 
250 313.9 312.7 311.5 310.2 309.0 307.8 306.6 305.4 304.3 303.1 301.9 820.2 
300 311.7 310.5 309.3 308.0 306.8 305.6 304.5 303.3 302.2 301.0 299.9 984.3 
350 309.5 308.3 307.1 305.9 304.7 303.5 302.4 301.2 300.1 298.9 297.8 1,148.0 
400 307.3 306.1 305.0 303.8 302.7 301.5 300.4 299.2 298.1 296.9 295.8 1,312.0 
450 305.2 304.0 302.9 301.7 300.6 299.4 298.3 297.2 296.0 294.9 293.8 1,476.0 
500 303.0 301.9 300.7 299.6 298.4 297.3 296.2 295.1 294.1 293.0 291.9 1,640.0 
600 298.8 297.7 296.6 295.5 294.4 293.3 292.2 291.2 290.1 289.1 288.0 1,969.0 
700 294.6 293.5 292.5 291.4 290.4 289.3 288.3 287.2 286.2 285.1 284.1 2,297.0 
800 290.5 289.5 288.4 287.4 286.3 285.3 284.3 283.3 282.3 281.3 280.3 2,625.0 
900 286.5 285.5 284.5 283.4 282.4 281.4 280.4 279.4 278.5 277.5 276.5 2,953.0 

1,000 282.5 281.5 280.5 279.5 278.5 277.5 276.6 275.6 274.7 273.7 272.8 3,281.0 

1,500 263.3 262.5 261.6 260.8 259.9 259.1 258.3 257.5 256.6 255.8 255.0 4,921.0 

2,000 245.4 244.7 244.0 243.2 242.5 241.8 241.1 240.4 239.7 239.0 238.3 6,562.0 

—22.0 — 20.2 —18.4 — 16.6 -14.8 —13.0 -11.2 —9.40 —7.60 — 5.80 — 4.00 N h (ft) 
tF\ 
TaBLe 8B. H for? from —20 C (—4 F) to —10 C (+14 F); h to 2,000 m (6,562 ft). 
po = 1,000 mb at sea level : 
\ie> 
h (m)\, —20 -19 -18 -17 —16 -—15 —14 —13 —12 -ll —10 h (ft) 
0.0 


32.8 
65.6 
98.4 
131.2 
164.0 
248.1 
328.1 
492.1 
656.2 
820.2 
984.3 
1,148.0 
1,312.0 
1,476.0 
1,640.0 
1,969.0 
2,297.0 
2,625.0 
2,953.0 
3,281.0 
4,921.0 
6,562.0 


\ a (ft) 
tF\ 


-4.00 -2.20 -040 +140 +3.20 +5.00 +680 +860 +10.4 


+12.2 +14.00 
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where height A. Strictly, 7 should be calculated from equa- 
Po = barometric pressure at sea level, tion (9). However, it turns out that p is rather insen- 
¢ = natural logarithmic base, sitive to T, and that, except perhaps where high accu- 
@ = 0.034163, racy is desired, it is sufficient to replace equation (9) 

and with 
T= ; i be T(h)dh. (9) Hs a +0, (10) 


. where AT’ = T,, —T and T, is the temperature at the 
T is thus the average temperature from h = 0 to the surface. 


Taste 3C. H fort from —10 C (+14 F) to 0 © (82 F); h to 2,000 m (6,562 ft). 
po = 1,000 mb at sea level 


14.0 15.8 17.6 19.4 21.2 23.0 24.8 26.6 28.4 30.2 32.0 We 
tF 


Taste 3D. H fort from 0 C (32 F) to 10 C (50 F); h to 2,000 m (6,562 ft). 
po = 1,000 mp at sea level 


Ye 4 


0.0 
32.8 
65.6 
98.4 

131.2 
164.0 
248.1 
328.1 
492.1 
656.2 
820.2 
984.3 
1,148.0 
1,312.0 
1,476.0 
1,640.0 
1,969.0 
2,297.0 
2,625.0 
2,953.0 
3,281.0 
4,921.0 
6,562.0 


32.0 33.8 35.6 37.4 39.2 41.0 42.8 44.6 46.4 48.2 50.0 \ x (ft) 
iF 
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By substituting from equations (8) and (10), equa- and hence, 
tion (4) assumes the form Ma = a ener 
M,= Ado , —ani(r + a7/2) 
_ 7 _ Apo HPT +(@hAT/2T*) 
For all practical cases, Ti 7 
AT Even at heights as’great as 10* m it can be seen that 
sa K1 ; 
27 the second of these exponentials can be replaced by the 


Tas.e 3E. H fort from 10 C (50 F) to 20 C (68 F); h to 2,000 m (6,562 ft). 
po = 1,000 mb at sea level 


h(m) 10 11 12 13 14 15 16 17 18 19 20 Vien 


0.0 


{ 0 279.2 278.2 277.2 276.2 275.3 274.3 273.4 272.4 271.5 270.5 269.6 
10 278.9 277.9 276.9 275.9 274.9 274.0 273.1 272.1 271.2 270.2 269.3 32.8 
20 278.5 277.5 276.6 275.6 274.6 273.7 272.8 271.8 270.9 269.9 269.0 65.6 
30 278.2 277.2 276.2 275.2 274.3 273.3 272.4 271.5 270.5 269.6 268.7 98.4 
40 277.8 276.8 275.9 274.9 274.0 273.0 272.1 271.2 270.2 269.3 268.4 131.2 
50 277.5 276.5 275.6 274.6 273.7 272.7 271.8 270.9 269.9 269.0 268.1 164.0 
75 276.7 PALL 274.8 273.8 272.8 271.9 271.0 270.1 269.1 268.2 267.3 248.1 
100 275.8 274.9 273.9 273.0 272.0 271.1 270.2 269.3 268.3 267.4 266.5 328:1 
150 274.2 273.3 272.3 271.4 270.4 269.5 268.6 267.7 266.8 265.9 265.0 492.1 
200 272.5 271.6 270.7 269.7 268.8 267.9 267.0 266.1 265.2 264.3 263.4 656.2 
250 270:9 270.0 269.1 268,1 267.2 266.3 265.4 264.5 263.7 262.8 261.9 820.2 
300 269.2 268.3 267.4 266.5 265.6 264.7 263.8 262.9 262.1 261.2 260.3 984.3 
350 267.6 266.7 265.8 264.9 264.0 263.1 262.2 261.4 260.5 259.7 - 258.8 1,148.0 
400 266.0 265.1 264.2 263.4 262.5 261.6 260.7 259.9 259.0 258.2 257.3 1,312.0 
450 264.4 263.5 262.6 261.8 260.9 260.0 259.2 258.3 257.5 256.6 255.8 1,476.0 
500 262.8 261.9 261.1 260.2 259.4 258.5 257.7 256.9 256.0 255.2 254.4 1,640.0 
600 259.6 258.8 258.0 257.1 256.3 255.5 254.7 253.9 253.0 252.2 251.4 1,969.0 
700 256.5 255.7 254.9 254.0 253.2 252.4 251.6 250.8 250.1 249.3 248.5 2,297.0 
800 253.4 252.6 251.8 251.1 250.3 249.5 248.7 247.9 247.2 246.4 245.6 2,625.0 
900 250.4 249.6 248.8 248.1 247.3 246.5 245.8 245.0 244.3 243.5 242.8 2,953.0 
1,000 247.4 246.6 245.9 245.1 244.4 243.6 242.9 242.1 241.4 240.6 239.9 3,281.0 
1,500 232.9 232.2 231.6 230.9 230.3 229.6 228.9 228.3 227.6 227.0 226.3 4,921.0 
2,000 219.3 218.7 218.1 217.6 217.0 216.4 215.8 215.2 214.7 214.1 213.5 6,562.0 
On ree on 
50.0 51.8 53.6 55.4 57.2 59.0 60.8 62.6 64.4 66.2 68.0 N\A (ft) 
tFN\ 
Tasie 3F. H for ¢ from 20 C (68 F) to 30 C (86 F); h to 2,000 m (6,562 ft). 
po = 1,000 mb at sea level 
tc— 

h(m)\,__ 20 21 22 23 24 25 26 27 28 29 30 i 
I) 0 269.6 268.7 267.8 266.9 266.0 265.1 264.2 263.3 262.5 261.6 260.7 0.0 
10 269.3 268.4 267.5 266.6 265.7 264.8 263.9 263.0 262.2 261.3 260.4 32.8 
20 269.0 268.1 267.2 266.3 265.4 264.5 263.6 262.7 261.9 261.0 260.1 65.6 
30 268.7 267.8 266.9 266.0 265.1 264.2 263.3 262.5 261.6 260.8 259.9 98.4 
40 | 2684 267.5 2666 265.7 2648 263.9 263.0 2622 2613 260.5 259.6 131.2 
50 268.1 267.2 266.3 265.4 264.5 263.6 262.7 261.9 261.0 260.2 259.3 164.0 
75 267.3 266.4 265.5 264.7 263.8 - 262.9 262.0 261.2 260.3 259.5 258.6 248.1 
100 | 266.5 265.6 264.7 263.9 263.0 2621 2612 2604 2595 258.7 257.8 328.1 
150 265.0 264.1 263.2 262.4 261.5 260.6 259.7 258.9 258.0 257.2 256.3 492.1 
200 263.4 262.5 261.7 260.8 260.0 259.1 258.3 257.4 256.6 255.7 254.9 656.2 
250 261.9 261.0 260.2 259.3 258.5 257.6 256.8 256.0 255.1 254.3 253.5 820.2 
300 260.3 259.5 258.6 257.8 256.9 256.1. 255.3 254.5 253.6 252.8 252.0 984.3 


350 258.8 258.0 257.2 256.3 255.5 254.7 253.9 253.1 252.2 251.4 250.6 1,148.0 
400 257.3 256.5 255.7 254.8 254.0 253.2 252.4 251.6 250.8 250.0 249.2 1,312.0 
450 255.8 255.0 254.2 253.4 252.6 251.8 251.0 250.2 249.4 248.6 247.8 1,476.0 
500 254.4 253.6 252.8 251.9 251.1 250.3 249.5 248.7 248.0 247.2 246.4 1,640.0 
600 251.4 250.6 249.8 249.1 248.3 247.5 246.7 246.0 245.2 244.5 243.7 1,969.0 
700 248.5 247.7 247.0 246.2 245.5 244.7 243.9 243.2 242.4 241.7 240.9 2,297.0 
800 245.6 244.9 244.1 243.4 242.6 241.9 241.2 240.5 239.7 239.0 238.3 2,625.0 
900 242.8 242.1 241.3 240.6 239.8 239.1 238.4 237.7 237.0 236.3 235.6 2,953.0 
1,000 239.9 239.2 238.5 237.8 237.1 236.4 235.7 235.0 234.3 233.6 232.9 3,281.0 
1,500° 226.3 225.7 225.1 224.4 223.8 223.2 222.6 222.0 221.4 220.8 220.2 4,921.0 
2,000 213.5 213.0 212.4 211.9 211.3 210.8 210.3 209.7 209.2 208.6 208.1 6,562.0 


86.0 87.8 89.6 91.4 93.2 95.0 96.8 98.6 100.4 102.2 104.0 ee 
iF 
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first two terms of its expansion. Therefore h and t, where 


t= T — 273 
—ah/T A ho mani 
M,= Apo € + ae € cAT, is the standard centigrade temperature. In this table, 


a it is assumed that p, = 1,000 mb. 
ae Ma = H(T,h) + G(T,h) AT, (11) Table 4 gives G(T',h). The term GAt in equation 
(11) is very small at altitudes less than 500 m and 
Apy ~™T for this range of altitudes may be safely neglected. 
where H(T,h) = Spun Since it is assumed in these tables that p, = 1,000, 
the value of Mz read from the tables should be multi- 
and G(T,h) = Apo ee (12) plied by p,/1,000, where p, is the actual air pressure 


an ahe ; ae A : 
27 i at sea level. This step may, however, be eliminated in 


Table 3 gives the quantity H(7',h) as a function of most cases, particularly as the physically important 


TaBLe 3G. H for? from 30 C (86 F) to 40 C (104 F); h to 2,000 m (6,562 ft). 
po = 1,000 mb at sea level 


Rmy\ 30 31 32 33 34 35 36 37 38 39 40 Vik (ft) 


0.0 
32.8 
65.6 
98.4 

131.2 
164.0 
248.1 
328.1 
492.1 
656.2 
820.2 
984.3 
1,148.0 
1,312.0 
1,476.0 
1,640.0 
1,969.0 
2,297.0 
2,625.0 
2,953.0 
3,281.0 
4,921.0 
6,562.0 


86.0 87.9 89.6 91.4 93.2 95.0 96.8 98.6 100.4 102.2 104.0 ae 
iF 


Taste 4. G for 2 from 50 m (164 ft) to 2,000 m (6,562 ft) and ¢ from —30 C (—22 F) to 40 C (104 F). 


iC—> 
h (m)\. —30 -25 -20 -15 -10 -5 +0 +5 +10 +15 +20 +425 +30 +35 +40 VA. 


0.004 0.004 0.004 0.003 0.003 0.003 
0.008 0.008 0.007 0.007 0.007 0.006 
0.012 0.012 0.011 0.010 0.010 0.009 
0.016 0.015 0.014 0.014 0.013 0.012 
0.020 0.019 0.018 0.017 0.016 0.015 
0.024 0.023 0.021 0.020 0.019 0.018 
0.028 0.026 0.025 0.023 0.022 0.021 
0.032 0.030 0.028 0.027 0.025 0.024 
0.035 0.033 0.031 0.030 0.028 0.027 
0.039 0.037 0.035 0.033 0.031 0.030 
0.046 0.044 0.041 0.039 0.037 0.035 
0.053 0.050 0.047 0.045 0.043 0.040 
0.060 0.057 0.053 0.051 0.048 0.046 
0.066 0.063 0.059 0.056 0.053 0.051 
0.073 0.069 0.065 0.062 0.059 0.056 
0.102 0.097 0.092 0.087 0.082 0.078 
0.127 0.121 0.114 0.109 0.103 0.098 


—22.0 -13.0 —4.0 +5.0 140 23.0 32.0 41.0 50.0 59.0 77.0 86.0 95.0 104.0 
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TABLE 5. 
30 40 
0.7 1.0 
0.8 1.1 
0.9 1.2 
1.0 1.3 
1.1 1.4 
1.2 1.6 
1.3 1.7 
1.4 1.9 
1.5 2.1 
1.7 2.3 
1.8 2.5 
2.0 2.7 
2:2 2.9 
2.4 3.2 
2.6 3.5° 
2.8 3.8 
3.1 4.1 
3.3 4.5 
3.6 4.8 
4.0 5.3 
4.3 5.7 
4.6 6.2 
5.0 6.7 
5.4 7.2 
5.9 7.8 
6.3 8.5 
6.9 9.1 
7.4 9.9 
8.0 10.6 
8.6 11.5 
9.3 12.4 
9.9 13.2 
10.5 14,1 
11.3 15.0 
12.0 16.0 
12.8 17.0 
13.6 18.1 
14.5 19.3 
15.4 20.5 
16.3 21.8 
17.3 23.1 
18.4 24.5 
19.5 26.0 
20.7 27.6 
22.0 29.3 
23.3 31.0 
24.6 32.8 
26.0 34.7 
27.6 36.7 
29.1 38.9 
30.8 41.1 
32.5 43.4 
34.4 45.8 
36.3 48.3 
38.3 51.0 
40.3 53.8 
42.5 56.7 
44.8 59.8 
47.2 62.9 
49.7 66.2 
52.3 69.7 
55.0 73.3 
57.8 77.1 
60.8 81.0 
63.9 85.1 
67.1 89.4 
70.4 93.9 
73.9 98.5 
77.5 103.3 
81.2 108.3 
85.2 113.6 


Relative humidity 
50 60 
1.2 1.5 
1.4 1.6 
1.5 1.8 
1.6 2.0 
1.8 2.1 
2.0 2.4 
2.2 2.6 
2.4 2.8 
2.6 3.1 
2.8 3.4 
3.1 3.7 
3.4 4.0 
3.7 4.4 
4.0 4.8 
4.3 5.2 
4.7 5.7 
5.1 6.2 
5.6 6.7 
6.1 7.3 
6.6 7.9 
7.1 8.6 
7.7 9.3 
8.4 10.1 
9.1 10.9 
9.8 11.7 

10.6 12.7 
11.4 13.7 
12.3 14.8 
13.3 16.0 
14.3 17.2 
15.5 18.5 
16.5 19.8 
17.6 21.1 
18.8 22.5 
20.0 24.0 
21.3 25.5 
22.6 27.2 
24.1 28.9 
25.6 30.7 
27.2 32.6 
28.9 34.7 
30.6 36.8 
32.5 39.1 
34.5 41.4 
36.6 43.9 
38.8 46.5 
41.0 49.2 
43.4 52.1 
45.9 55.1 
48.6 58.3 
51.4 61.6 
54.2 65.1 
57.3 68.7 
60.4 72.5 
63.8 76.5 
67.2 80.7 
70.9 85.0 
74.7 89.6 
78.7 94.4 
82.8 99.4 
87.1 104.6 
91.7 110.0 
96.4 115.6 

101.3 121.5 

106.4 127.7 

111.8 134.1 

117.3 140.8 

123.1 147.7 

129.1 154.9 

135.4 162.5 

142.0 170.4 


70 


1.7 
1.9 
2.1 
2.3 
2.5 
2.7 
3.0 
3.3 
3.6 
3.9 
43 
4.7 
5.1 
5.6 
6.1 
6.6 
7.2 
7.8 
8.5 
9.2 

10.0 
10.8 
11.7 
12.7 
13.7 
14.8 
16.0 
17.3 
18.6 
20.1 
21.6 
23.0 
24.6 
26.3 
28.0 
29.8 
31.7 
33.7 
35.9 
38.1 
40.5 
42.9 
45.6 
48.3 
51.2 
54.3 
57.4 
60.8 
64.3 
68.0 
71.9 
75.9 
80.2 
84.6 
89.3 
94.1 
99.2 

104.6 

110.1 

115.9 

122.0 

128.3 

134.9 

141.8 

149.0 

156.5 

164.2 

172.3 

180.8 

189.6 

198.8 


Mvw for t from —30 C (—22 F) to 40 C (104 F). 


80 


10.5 
11.4 
12.4 
13.4 
14.5 
15.7 
16.9 
18.3 
19.7 
21.3 
22.9 
24.7 
26.3 
28.1 
30.0 
32.0 
34.0 
36.2 
38.5 
41.0 
43.5 
46.2 
49.0 
52.1 
55.2 
58.5 
62.0 
65.6 
69.5 
73.5 
77.7 
82.2 
86.8 
91.6 
96.7 
102.0 
107.6 
113.4 
119.5 
125.9 
132.5 
139.4 
146.7 
154.2 
162.0 
170.3 
178.8 
187.7 
197.0 
206.6 
216.6 
227.2 


10.0 
10.9 
11.9 
12.9 
13.9 
15.1 
16.3 
17.6 
19.0 
20.6 
22.2 
23.9 
25.8 
27.8 
29.6 
31.6 
33.8 
35.9 
38.3 
40.8 
43.3 
46.1 
49.0 
52.0 
55.1 
58.6 
62.1 
65.9 
69.8 
73.9 
78.1 
82.7 
87.4 
92.4 
97.6 
103.1 
108.8 
114.8 
121.0 
127.6 
134.5 
141.6 
149.1 
156.8 
165.0 
173.5 
182.3 
191.6 
201.2 
211.2 
221.6 
232.4 
243.7 
255.5 


2.453 
2.700 
2.967 
3.261 
3.580 
3.925 
4.301 
4.708 
5.155 
5.637 
6.130 
6.724 
7.309 
7.999 
8.678 
9.461 
10.287 
11.157 
12.124 
13.185 
14.284 
15.472 
16.754 
18.117 
19.568 
21.156 
22.871 
24.670 
26.589 
28.685 
30.911 
32.919 
35.139 


37.509 


39.939 
42.533 
45.280 
48.175 
51.215 
54.394 
57.793 
61.270 
65.094 
69.010 
73.169 
77.505 
82.060 
86.813 
91.866 
97.127 
102.71 
108.46 
114.56 
120.87 
127.53 
134,44 
141.74 
149.39 
157.34 
165.62 
174.27 
183.32 
192.74 
202.56 
212.86 
223.50 
234.63 
246.20 
258.23 
270.80 
283.94 
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quantity is not M but differences in M at various 
heights. 
Wet Term. Since 
e = (RH)eé’ 
relative humidity, 
= saturation vapor pressure, 


where RH 
e 


and since e’ is a function of temperature only, it is 
possible to prepare a table giving M, as a function of 
RH and ¢. This is Table 5. 

A table for f, defined by equation (7), is also in- 
cluded, so that if e is known, M,, can be obtained by 
simply taking the product fe as indicated by equation 
(5). Table 6 gives the values of f. 


TABLE 6. f for / from —30 C (—22 F) to 40 C (104 F). 


OTe Val iF UO a tF BOQ a iF 
—30 6.390 —22.0 | — 6 5.289 +21.2 | +18 4.449 +644 
—29 6.388 —20.2 | — 5 5.250 +23.0 | +19 4.419 +66.2 
—28 6.286 —18.4 | — 4 5.210 +24.8 | +20 4.389 +68.0 
—27 6.2838 —16.6 | — 3 5.172 +26.6 | +21 4.359 +69.8 
—26 6.183 —14.8 | — 2 5.133 +28.4 | +22 4.330 +71.6 
—25 6.184 —13.0 | — 1 5.095 +30.2 | +23 4.300 +73.4 
—24 6.084 —11.2 | + 0 5.059 +32.0 | +24 4.271 +75.2 
—23 6.036 — 9.4] + 1 5.021 +33.8 | +25 4.241 +77.0 
—22 5.988 — 7.6] + 2 4.984 +35.6 | +26 4.213 +78.8 
—21 5.940 — 5.8 | + 3 4.948 +37.4 | +27 4.186 +80.6 
—20 5.894 — 40] + 4 4.913 +39.2 | +28 4.158 +82.4 
—19 5.847 — 2.2] + 5 4.878 +41.0 | +29 4.130 +84.2 
—18 5.801 — .4] + 6 4.843 +42.8 | +30 4.102 +86.0 
—17 5.755 + 1.4) + 7 4.808 +44.6 | +31 4.076 +87.8 
—16 5.710 + 3.2} + 8 4.773 +46.4 | +32 4.049 +89.6 
—15 5.666 + 5.0 | + 9 4.738 +48.2 | +33 4.022 +91.4 
—14 5.622 + 6.8 | +10 4.706 +50.0 | +34 3.997 +93.2 
—13 5.579 + 8.6 | +11 4.666 +51.8 | +35 3.970 +95.0 
—12 5.587 +10.4 | +12 4.640 +53.6 | +386 3.944 +96.8 
—11 5.494 +12.2 | +13 4.607 +55.4 | +37 3.918 +98.6 
—10 5.452 +14.0 | +14 4.576 +57.2 | +38 3.893 +100.4 
— 9 5.410 415.8 | +15 4.543 +59.0 | +39 3.868 +102.2 
— 8 5.370 +17.6 | +16 4.511 +60.8 | +40 3.844 +104.0 
— 7 5.329 +19.4 | +17 4.480 +62.6 


Error. The discussion of this first. group of tables 
is concluded with some observations on their order 
of accuracy. Theoretically any errors which arise are 
due to the expansions used in calculating Mg. At a 
height as great as 10,000 m, A¢ might be, say, 70°. 
This would give GAT = 13.3 for ¢ = 0. If the next 
term had been included the correction would have been 
only a fraction of this amount. Since at these heights 
M—1,800, we are safe in saying that the relative error 
is less than 0.5 per cent, probably much less than this 
amount. At altitudes of 1,000 m or less the approxima- 
tion introduces errors too small to be reflected in the 
fourth significant figure. 

Aside from this theoretical error, there are errors 
in the table due to rounding off in the numerical work. 
An effort was made to keep this error less than 0.1 
M units. 

Curvature Term. Table 7 gives the values of the 
linear term h/a X 10°, which must be added to obtain 
the index of refraction modified for use on a “plane 
earth” diagram. 


Taste 7. M,forh from 10 m (382.8 ft) to 2,000 m (6,562 ft). 


h(m) M, h(ft) | h(m) M, _ A(t) h(m) M, h(t) 
10 16 32.8 | 280 44.0 918.6 625 98.1 2,051.0 
20 3.1 65.6 | 290 45.5 951.4 650 102.1 2,133.0 
30 4.7 98.4 | 300 47.1 984.3 675 106.0 2,215.0 
40 6.3 131.2 | 310 48.7 1,017.0 700 109.9 2,297.0 
50 7.9 164.0 | 320 50.2 1,050.0 725 113.8 2,379.0 
60 9.4 196.9 | 330 51.8 1,083.0 750.117.8 2,461.0 
70 11.0 229.7 | 340 53.4 1,115.0 775 121.7 2,543.0 
80 12.6 262.5 | 350 55.0 1,148.0 800 125.6 .2,625.0 
90 14.1 295.3 | 360 56.5 1,181.0 825 129.5 2,707.0 
100 15.7 328.1 | 370 58.1 1,214.0 850 133.5 2,789.0 
110 17.3 360.9 | 380 59.7 1,247.0 875 137.4 2,871.0 
120 18.8 393.7 | 390 61.2 1,280.0 900 141.3 2,953.0 
130 20.4 426.5 | 400 62.8 1,312.0 925 145.2 3,035.0 
140 22.0 459.3 | 410 64.4 1,345.0 950 149.2 3,117.0 

150 23.6 492.1 | 420 65.9 1,378.0 975 153.1 3,199.0 
160 25.1 524.9 | 430 67.5 1,411.0 | 1,000 157.0 3,280.0 

170 26.7 557.7 | 440 69.1 1,444.0 | 1,100 172.7 3,609.0 
180 28.3 590.6 | 450 70.7 1,476.0 | 1,200 188.4 3,937.0 
190 29.8 623.4 | 460 72.2 1,509.0 | 1,300 204.1 4,265.0 

200 31.4 656.2 | 470 73.8 1,542.0 | 1,400 219.8 4,593.0 

210 33.0 689.0 | 480 75.4 1,575.0 | 1,500 235.5 4,921.0 

220 34.5 721.8 | 490 76.9 1,608.0 | 1,600 251.2 5,249.0 

230 36.1 754.6 | 500 78.5 1,640.0 | 1,700 266.9 5,577.0 

240 37.7 787.4 | 525 82.4 1,722.0 | 1,800 282.6 5,906.0 

250 39.3 820.2 | 550 86.4 1,804.0 | 1,900 298.3 6,234.0 

260 40.8 853.0 | 575 90.3 1,886.0 | 2,000 314.0 6,562.0 

270 42.4 885.8 | 600 94.2 1,969.0 


TaseEs 8 To 11 — Mixine Ratio AND 
TEMPERATURE GIVEN 


In terms of atmospheric pressure and water vapor 
pressure, the mixing ratio w is given by 


623¢e 
y= ¢ (18) 

p—e 
Since w involves the pressure p, the scheme used in 
the first group of tables must be modified. Using 


equation (13), equation (2) assumes the form 


M =F (P,w) 1. Opp (14) 
0 


where 


A w BD 
(0,0) = mo + oe (eT): (15) 

Table 8 gives Ff for the range of usable values of 
temperature and mixing ratio. Since F is sensitive 
to variations in both 7 and w, the tabulation is made 
for all integral values of both 7 and w to avoid labori- 
ous interpolation. 

Following the procedure used in the discussion of 
dry term on page 208 ,the pressure p is calculated 
from equation (8). These results are given in Table 
9. In view of the insensitivity of p to 7’, the average 
temperature, it is unnecessary to tabulate p for all 
values of 7’; it is sufficient to tabulate p at 5-degree 
intervals of 7. 

The term Ch has been calculated in connection with 
the first group of tables and is given in Table 7. 


TABLES 10 AND 11 For Usr at Low AntrirupEs 


An objectionable feature of the method given in 
the preceding section is that it involves taking the 
product, pF’, which makes an application of the tables 


214 RADIO WAVE PROPAGATION EXPERIMENTS 


rather slow. The following method circumvents this For altitudes of less than 500 m it is safe to sup- 
difficulty for heights less than 500 m. From equations pose that = 
(4), (8), and (15) alae ( » +), 
T 273 273 
(n — 1) 108 = Fe -eh/7 (16) where ¢ is the average centigrade temperature, and 


TaBLe 8A. F(t, w) for t from —30 C (—22 F) to 40 C (104 F): w from 0 to 12. 
2 3 4 5 6 7 8 9 10 iF 


seipararaeae tl ff fo 0 


VOMA Kw ON PANO 
NPHOWDSONRPRPNOODP 


+ 
= 
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that and 
em AWD = ¢—ah/273. ¢ 4 ahi/(273)* — ¢—ah/273 is aFt 
ahi <= (ra) 
(273)? Equation (19) is evaluated in Table 10. 


(20) 


+ € —ah/273 (17) 


Hence Equation (20) is a small correction which must be 
(n= 1108S F — ub hAu ! (18) taken into account when ¢, the average temperature, 
100 differs appreciably from zero. Since this term con- 
where tributes only 1 per cent to the refractive index in the 
u = F(1 — €~ah273) | (19) extreme case of h = 500 m, ¢ = 40, it is sufficient to 

TABLE 8B. F(l, w) for ¢ froin 15 C (59 F) to 40 C (104 F); w from 12 to 24. 

w w Va 
ic 12 13 14 15 16 17 18 19 20 21 22 23 24 Lo Yr 
15 
16 
17 
18 
19 
20 
21 377.9 
22 376.2 
23 374.6 
24 372.9 
25 371.3 
26 369.7 
2 368.1 
28 366.7 
29 365.0 
30 363.4 
31 362.0 
32 360.4 
33 359.0 
34 357.4 
35 355.9 
36 354.4 
37 352.9 
38 351.5 
39 350.1 
40 348.6 

TaBLE 8C. F(t, w) for ¢ from 27 C (80.6 F) to 40 C (104 F); w from 24 to 36. 

N Ww wy “ie 
tc 24 25 26 27 28 29 30 31 32 33 34 35 36 / tF 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

TaBLE 8D. F(t, w) for t from 34 C (93.2 F) to 40 C (104 F); w from 36 to 45. 

w w Wa 
tC\ 36 37 38 39 40 4l 42 43 44 45 Va tF 
34 
35 
36 
37 
38 
39 
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replace the exponential by its value at the middle of pressure may be written 
the height range. This approximation does not lead 
to an error of more than 0.1 M units at these low CD Gel ; (21) 
altitudes. Pp kT 
PressuRE versus HricHT where g = acceleration of gravity, 
The differential equation connecting height with R = gas constant for air. 


TABLE 9. p/p for h from 50 m (164 ft) to 2,000 m (6,562 ft) and t* from —30 C (—22 F) to 40 C (104 F). 
Nee We 
h (m)\. —30 -25 -20 -15 -10 —5 +0 +5 410 +415 +20 +25 +30 +435 +40 Jr (ft) 


50 | 0.9930 0.9931 0.9933 0.9934 0.9935 0.9936 0.9938 0.9939 0.9940 0.9941 0.9942 0.9943 0.9944 0.9945 0.9946 164.0 
100 | 0.9860 0.9863 0.9866 0.9869 0.9871 0.9874 0.9876 0.9878 0.9880 0.9882 0.9884 0.9886 0.9888 0.9890 0.9892 328.1 
150 | 0.9791 0.9795 0.9799 0.9802 0.9807 0.9810 0.9814 0.9817 0.9821 0.9823 0.9827 0.9829 0.9832 0.9835 0.9837 492.1 
200 | 0.9723 0.9727 0.9734 0,9738 0.9744 0.9748 0.9753 0.9757 0.9761 0.9766 0.9770 0.9774 0.9777 0.9780 0.9784 656.2 
250 | 0.9655 0.9662 0.9668 0.9674 0.9681 0.9686 0.9692 0.9698 0.9703 0.9707 0.9713 0.9717 0.9722 0.9727 0.9730 820.2 
300 | 0.9587 0.9595 0.9603 0.9610 0.9618 0.9625 0.9632 0.9637 0.9644 0.9650 0.9656 0.9662 0.9667 0.9672 0.9678 984.3 
350 | 0.9519 0.9529 0.9538 0.9547 0.9556 0.9564 0.9572 0.9579 0.9586 0.9593 0.9600 0.9607 0.9613 0.9619 0.9625 | 1,148.0 
400 | 0.9453 0.9464 0.9474 0.9484 0.9494 0.9503 0.9512 0.9519 0.9529 0.9537 0.9544 0.9551 0.9559 0.9566 0.9572 | 1,312.0 
450 | 0.9387 0.9399 0.9410 0.9421 0.9432 0.9442 0.9452 0.9462 0.9471 0.9480 0.9489 0.9497 0.9505 0.9513 0.9520 | 1,476.0 
500 | 0.9321 0.9334 0.9347 0.9359 0.9371 0.9383 0.9394 0.9404 0.9414 0.9424 0.9434 0.9443 0.9452 0.9460 0.9469 | 1,640.0 
600 | 0.9191 0.9206 0.9222 0.9236 0.9250 0.9263 0.9277 0.9289 0.9301 0.9313 0.9324 0.9335 0.9346 0.9355 0.9366 | 1,969.0 
700 | 0.9063 0.9081 0.9098:0.9115 0.9131 0.9146 0.9161 0.9176 0.9190 0.9203 0.9216 0.9229 0.9241 0.9253 0.9264 | 2,297.0 
800 | 0.8936 0.8957 0.8976 0.8995 0.9013 0.9030 0.9047 0.9063 0.9079 0.9095 0.9109 0.9124 0.9138 0.9151 0.9164 | 2,625.0 
900 | 0.8812 0.8834 0.8856 Q.8876 0.8897 0.8916 0.8935 0.8953 0.8971 0.8987 0.9004 0.9019 0.9035 0.9050 0.9064 | 2,953.0 

1,000 | 0.8688 0.8712 0.8737 0.8760 0.8782 0.8803 0.8824 0.8843 0.8863 0.8881 0.8899 0.8917 0.8934 0.8950 0.8966 | 3,281.0 

1,500 | 0.8099 0.8133 0.8166 0.8198 0.8230 0.8260 0.8289 0.8317 0.8344 0.8370 0.8395 0.8420 0.8444 0.8467 0.8490 | 4,921.0 

2,000 | 0.7549 0.7592 0.7633 0.7674 0.7712 0.7749 0.7786 0.7821 0.7855 0.7888 0.7920 0.7951 0.7981 0.8011 0.8039 | 6,562.0 

—22.0 —13.0 —4.0 45.0 +14.0 +23.0 +32.0 +41.0 +50.0 +59.0 +68.0 +77.0 +86.0 +95.0 +104.0 \/ (ft) 
*t = temperature averaged from the ground to the height h. tF \ 


Taste 10A. u for h from 10 m (82.8 ft) to 150 m (492.1 ft); F from 250 to 370. Values to be subtracted from F to 
obtain Fp = (n — 1) 108 


F Ye 
h (m) 250 260 270 280 290 300 310 320 330 340 350 360 370 fi h (ft) 
10 32.8 
20 65.6 
30 98.4 
40 131.2 
50 164.0 
60 196.9 
70 229.7 
80 262.5 
90 295.3 
100 328.1 
110 360.9 
120 393.7 
130 426.5 
140 459.3 
150 492.1 


TaBLE 10B. w for h from 10 m (82.8 ft) to 150 m (492.1 ft); F from 370 to 500. Values to be subtracted from F to 
obtain Fp = (n — 1) 106. : 


F 
FAA) 370 380 390 400 410 420 430 440 450 460 470 480 490 500 Fi h (ft) 
10 32.8 
20 65.6 
30 98.4 
40 131.2 
50 164.0 
60 196.9 
70 229.7 
80 262.5 
90 295.3 
100 328.1 
110 360.9 
120 393.7 
130 426.5 
140 459.3 
150 492.1 
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Since g is not strictly constant (it varies slightly with 
height and locality) and since #, to a slight extent, is 
dependent on the percentage of water vapor in the 
air and, finally, since 7 may be an arbitrary function 
of height, this differential equation cannot be inte- 
grated exactly. However, a careful consideration of the 
order of magnitude of changes in the pressure brought 
about by the slight changes of g and RF leads to the 


conclusion that such variations may be neglected, 
particularly as these changes have practically no effect 
on the slopes of M curves. Picking the best overall 
values of g and R (g = 9.80665 and R = 287.05 in 
the units used in this report) gives « = g/R = 
0.034163 as the value to be used in equation (8). 

The variation of temperature with height cannot, 
however, be neglected in the integration of equation 


Taste 10C. wu for h from 150 m (492.1 ft) to 500 m (1,640 ft); I’ from 250 to 340. Values to be subtracted from |" to 


obtain Fp = (n — 1) 108. 


\F 


h (in) 250 260 270 280 290 


150 
175 
200 
225 
250 
275 
300 
325 
350 
375 
400 
425 
450 
475 
500 


300 310 320 330 340 vA (ft) 


Taste 10D. uw for h from 150 m (492.1 ft) to 500 m (1,640 ft); F from 340 to 420. Values to be subtracted from F to 


obtain Fp = (n — 1) 106. 
\ F 


h (m) 340 350 360 370 380 


Ti 
390 400 410 420 h (ft) 


492.1 
574.1 
656.2 
738.2 
820.2 
902.2 
984.3 

1,066.0 

1,148.0 

1,230.0 

1,312.0 

1,394.0 

1,476.0 

1,558.0 

1,640.0 


Taste 10E. w for h from 150 m (492.1 ft) to 500 m (1,640 ft); F from 420 to 500. Values to be subtracted from F to 


obtain Fp = (n — 1) 108 


F 
h aN 420 430 440 450 460 


150 
175 
200 
225 
250 
275 


in (ft) 


492.1 
574.1 
656.2 
738.2 
820.2 
902.2 
984.3 

1,066.0 

1,148.0 

1,230.0 

1,312.0 

1,394.0 

1,476.0 

1,558.0 

1,640.0 


470 480 490 500 
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(21). The integrated form of equation (21) is equa- 
tion (8), where the approximation 


(22) 


Then 
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2hi 


1 
TT TT 


(23) 


has been made. 7 is the average temperature defined eng foe jubis Hacer care 


by equation (9) or, more roughly, by equation (10). h, dh hi 
An estimate of the order of accuracy of this approxi- | in 

mation may be obtained from an examination of the 

case in which T varies linearly with h. Let the refer- a 2hu [ Ti=To a Ceara 96 | 

ence level temperature be 7, at h = 0 and the tem- T:—ToLMi+T. 3\Ti+To 


perature at the height h, be T,. (24) 
7 sx Aan —2 added to t< Ol. 
TaBLe 11A. Au for ¢* ~ 0. Values to be multiplied by h x 10-2 and ecg fromé “ for B ss 0 
NUE 
CANN 250 260 270 280 290 300 310 320 330 340 350 360 370 


*#= temperature in degrees centigrade averaged from the ground to the height h. 


* Aan -2 added to E< 0). 
TaBLe 11B. Au for ¢* ~ 0. Values to be multiplied by h.x 10-2 and seer fromt & for es 


Noe 

t \_ 370 380 390 400 410 420 430 440 450 460 470 480 490 500 
+10 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
+20 0.3 0.3 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.5 
+30 0.5 0.5 0.5 0.5 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.7 0.7 07 
+40 0.7 0.7 0.7 0.7 0.7 0.8 0.8 0.8 0.8 0.8 0.9 0.9 0.9 0.9 


*{ = temperature in degrees centigrade averaged from the ground to the height h. 


oe fs pare 2 added to t <0). 
TaBe 11C. Au for ?* ~0. Values to be multiplied by h x 10°? and ee from’ @ for wo 
Nee 

& XS | 20 260 270 280 290 300 310 320 330 340 
+10 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
+20 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.3 
+30 0.3 0.3 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.5 
+40 0.4 0.5 0.5 0.5 0.5 0.5 0.5 0.6 0.6 0.6 

¥f = temperature in degrees centigrade averaged from the ground to the heichi h. 

> Red = added to t<0 
Taste 11D. Au fort* #0. Values to be multiplied by h x 10-2 and seen pey aml? for |= S ot D 

\ 

CaN 340 350 360 _ 370 380 390 400 410 420 
+10 0.1 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
+20 0.3 0.3 0.3 0.3 0.3 0.3 0.4 0.4 0.4 
+30 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.6 
+40 0.6 0.6 0.6 0.7 0.7 0.7 0.7 0.7 0.7 

xba temperature in degrees centigrade averaged from the ground to the height h. 

a s a0 yee o added to t<0 
TABLE 11E. Auwfort +0. Values to be multiplied by h x 107? Bud: beeen from ¢™ for}; S ot : 

NE : 

t 420 430 440 450 460 470 480 490 500 
+10 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
+20 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 
+30 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.7 0.7 
+40 0.7 0.8 0.8 0.8 0.8 0.8 0.8 0.9 0.9 


*l= temperature in degrees centigrade averaged from the ground to the height h. 
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by a well-known expansion, for the natural logarithm. 
The first term in the series (24) gives exactly equation 
(23). Hence, the approximation (22) amounts to 
dropping the higher-order terms in equation (24). 
The ratio of the second term to the first is only 
%[(T,—T,)/(2,+17,)]? or about two parts in 
10,000 for the first 2,000 m of the standard atmos- 
phere. This comes out to give an error of about 0.006 
mb in the pressure at this height. This is certainly 
negligible. 

For a nonlinear atmosphere the question of the 
error in equation (22) is chiefly a question of the 
accuracy in determining 7’, since any such atmosphere 
can be broken up into a number of layers in each of 
which 7’ is linear in h. 


CoNSTANTS OF THE INDEX OF REFRACTION 
ForMULA 


The formula for the ordinary index of refraction, 
n, which has been used in calculating these tables, is 


Ap_D 


(n — 1) 10° = +e (25) 


pe 


where A = 79, D = 11, B = 3.8 X 105. (26) 


The formula given in reference 11, in the unite 
adopted here, is the same as (25) but with 


A = 78.7, D = 11.2, B = 3.77 X 10°. (27) 


The formula used by Bell Telephone Laboratories 
(Monograph B-870, 1935) is also (25) but with 


A = 79:1, D = 10.9, B = 3.81 X 10°. (28) 


The third significant figure in all these constant: 
is questionable. Moreover, the absolute value of n 
(or M) is not important but only the slopes of M 
curves. For this purpose it is sufficient if the right 
form of equation and approximately correct, values of 
the constants are chosen. Hence, in these tables, equa- 
tions (25) and (26) were adopted 


DIURNAL VARIATION OF THE 
GRADIENT OF MODIFIED M INDEXe 


The vertical gradient of modified refractive index 
depends on the vapor pressure and temperature 
gradients according to the formula 


dM _ 79 ee = O14?) ED 
ey E CRE 


9600¢ aT 1 
0.1 = 
& ea «)e dz ls 


79 dp 
T dz 


"By Raymond Wexler, Camp Evans Signal Laboratory. 


*Symbols have same meaning as in preceding section, 
except that h is replaced by s. 


Coefficients of vapor pressure and temperature gradi- 
ents are about 4.5 and 1.5 respectively. The third term 
gives a positive increase of 4 M units per 100 ft. In 
this paper’** the diurnal variation of the vertical M 
gradient will be inferred from the diurnal variation 
of temperature and humidity gradients. 


Temperature Lapse Rates over Land 


On clear nights with light winds temperature in- 
versions form in the lower atmosphere. The follow- 
ing characteristics of these inversions are to be noted. 

1. The inversion begins as a shallow layer near the 
ground before sunset, rises sharply after sunset and 
then more gradually to a maximum height at about 
sunrise. : 

2. The temperature difference between two fixed 
levels in the first 100 ft of the ground is maximum 
shortly before sunset and oscillates about a slightly 
lower value the remainder of the night. (See Figure 
10.) 

Observations at Leafield, England, and Potsdam, 
Germany, corroborate this. This phenomenon is prob- 
ably due to the more favorable humidity gradient in 
the early evening and to the heat of condensation re- 
leased by dew formation in the later night hours. 

Superadiabatic lapse rates characterize the lower 
atmosphere during clear days. The lapse rates in- 
crease sharply from sunrise to 3 or 4 hours after, 
gradually reach a maximum at about noon, and de- 
crease sharply after the time.of the maximum tem- 
perature. 


Temperature Lapse Rates over the Sea 


The air over the sea has a greater diurnal range 
than the sea itself. Over the Sunda Sea this range 
has been observed to increase from 0.5 C at the sur- 


SUNSET 
~/ 12.4-1.2 M 
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TIME (GMT) 
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Figure 10. Mean temperature variation on clear June 
days at Leafield, England. 


face to 1.5 C at 500 m. The night lapse rates over the 
ocean are therefore more unstable than the day lapse 
rates. Observations of the Meteor expedition in equa- 
torial regions revealed a mean inversion of 0.2 C in 
the first 9 m during the early afternoon, whereas in 
the early morning a mean lapse of 0.6 C was observed. 


Vertical Vapor Pressure Gradients 


At locations where a continuous supply of moisture 
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on the ground is available, vapor pressure gradients 
follow evaporation processes and are maximum at the 
time of the maximum temperature at about sunrise. 
This diurnal course characterizes conditions over the 
sea, cloudy days over the land, and winter or rainy 
seasons over the continent. 

On clear days over the continent the vertical vapor 
pressure gradient is minimum at about sunrise, 
reaches a maximum in midmorning, and lowers to a 
secondary minimum at the time of the maximum tem- 
perature (in desert regions this is the principal maxi- 
mum shortly after sunset). Evaporation and mixing 
with drier air aloft govern this course. At night the 
soil absorbs moisture from the air causing a decrease 
in vapor pressure gradient. 

The seasonal and diurnal variation of vapor pres- 
sure gradient is illustrated in Figure 11. Maximum 
vapor pressure gradients are noted during April, the 
hottest time of year, and minimum in January. The 
oceanic type is represented by the curve for July in 
the rainy season. 


Vertical'M Gradient 


Over the sea both temperature and humidity gradi- 
ents aid in causing a maximum of trapping during the 
day and a minimum during the night. The effect, 
however, is probably small. 

Over the continent, a minimum of trapping will 
exist in midafternoon. Thereafter both temperature 
and humidity factors will cause a rise in the vertical 
M gradient to a maximum shortly after sunset. From 
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Ficure 11. Hourly vapor pressure difference, 6 to 46 ft 
at Calcutta. 


that time to sunrise a decrease in the M gradient will 
occur. However, the height of the inversion continues 
to.grow until sunrise, tending to cause an increase in 
the height of the duct. Whether a maximum or mini- 
mum of trapping will occur at sunrise will depend 
on whether the increase in the height of the inversion 
balances the decrease in vertical humidity gradient. 
It is probable that the humidity factor is the more 
important since the small magnitude of the tempera- 
ture increase in the upper portions of the inversion 
will seldom be sufficient to cause a decrease in M with 
height. After sunrise rising humidity gradients, par- 
tially balanced by falling temperature gradients, will 
cause a small maximum of M gradient at midmorning. 
Thereafter the M gradient will decrease to the after- 
noon minimum. 

The maximum and minimum decrease of M from 
6 ft to 46 ft, based on mean temperature and humidity 
data at Calcutta, India, are given in Table 12. 

In July the morning minimum and afternoon maxi- 
mum with small amplitude illustrate the oceanic type. 
The other months illustrate the continental type. Ac- 
cording to the table a maximum of trapping in India 
should occur in April just prior to the rainy season. 


TaBLeE 12. Decrease of M from 6 to 46 ft (Calcutta). 


A.M, P.M. 
Month Min Max Min Max 
Jan 1 4 1 6 
April 7 9 5 16 
July 2 56 6 
Oct 1 7 3 11 


DETERMINING FLUCTUATIONS IN RE- 
FRACTIVE INDEX NEAR LAND OR SEA! © 


Tn connection with the rapid fluctuation or scintil- 
lation frequently observed in microwave reception, 
questions arise concerning turbulent atmospheric 
fluctuation at fixed points along the transmission 
path, particularly fluctuations in refractive index. 
Rapid measurement of both temperature and humidity 
so as to give a direct determination of fluctuation in 
refractive index is difficult. The purpose of this paper 
is to suggest that in certain cases the measurement 
of temperature fluctuation alone can give a good in- 
direct estimate of fluctuation in the modified index. 

The basic principle underlying this suggestion is 
that, if two initial kinds of air are mixed in different 
proportions, for all possible mixtures a fixed relation 
exists between any two properties conservative for 
adiabatic changes. 

To illustrate this, consider a diagram with poten- 
tial temperature and specific humidity as coordinates. 
Two initial kinds of air would be represented by two 


iBy R. B. Montgomery, Radiation Laboratory, MIT. 
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points on this diagram, and all mixtures of the two 
kinds would be represented by points on the straight 
line drawn between the two initial points. 

The practical case occurs when one point represents 
a large homogeneous mass of air, and the other a 
fixed boundary condition at the ground or water sur- 
face. The straight line then represents the mixtures 
that can occur in the vicinity of the boundary. For 
these the line shows specific humidity as a function 
of potential temperature. The relation between poten- 
tial temperature and potential refractive index could 
be shown by a similar diagram. 

Figure 12 shows some corroboration of this method 
and also how the method can be applied. This charac- 
teristic diagram has the same orientation as the 
Rossby diagram which is in routine meteorological 
use but with somewhat different coordinates. 

The ordinate is temperature and the abscissa is 
vapor pressure. A pair of curves gives the vapor pres- 
sure over fresh water and over sea water. The family 
of curves gives refractive index at radio frequencies 
and at a total pressure of 1,000 mb, or h = 0. 

On the diagram are plotted a few of a long series 
of determinations made by reading a sling psychrom- 
eter at half-minute intervals. These were recently 
obtained by the Woods Hole Oceanographic Institu- 
tion at the masthead of a ship crossing the Gulf 


Stream at a time when the air was much colder than 
the water. The water temperature was 70 F, fixing 
the boundary condition. The points lie fairly well 
on the straight line through the boundary value. They 
cover a range of 5 X 10~ in refractive index. Prob- 
ably a greater range would be indicated by a psy- 
chrometer having a more rapid response. 

It is seen that, whenever the fluctuation in refrac- 
tive index at a point in the atmosphere is due to 
turbulent mixing between a large homogeneous mass 
of air and air controlled by a fixed boundary condi- 
tion, the fluctuation may be obtained as follows: 
Measure the average temperature and humidity at this 
point and at the boundary, thus determining the rela- 
tion between refractive index and temperature. Meas- 
ure the fluctuation of temperature, from which the 
fluctuation of refractive index may be found from the 
established relation. 

It may be noted that the water temperature less 
the average air temperature gives a value for the 
temperature deficit. In the same way one may arrive 
at a humidity deficit and an M deficit (one million 
times the deficit of refractive index). Each of these 
quantities is represented on the diagram by the 
change from one end to the other of the line. It follows 
that the suggested method may be stated in terms of 
the relation that the ratio of temperature fluctuation 
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Figure 12. Observations on February 24, 1945 at masthead of ship in Gulf Stream, wind 14 knots. Characteristic 
diagram. Vapor pressure over water is shown by lower bounding curve, over salt water by upper bounding curve. 
The family of curves gives modified index for 1,000 mb and zero height; or (n—1)106 for microwaves at 1,000 mb, zero 


height, where 7 is refractive index at h = 0. 
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to temperature deficit is equal to the ratio of humidity 
fluctuation to humidity deficit and very nearly equal 
to the ratio of M fluctuation to M deficit. 


GRAVITATIONAL WAVES AND 
TEMPERATURE INVERSIONS! 


It has been noted that the guided propagation of 
microwaves is often accompanied by deep fades with 
periods of the order of a few minutes. The sugges- 
tion has been made that these fluctuations may be 
associated with atmospheric wave motion which could 
make the top of the duct an undulating surface rather 
than a level one.?®?” Therefore, it seems desirable to 
discuss, from a meteorological point of view, the pos- 
sibility of the existence of such atmospheric waves 
and the physical characteristics of any which might 
exist. The purpose of this paper is to review and sum- 
marize the meteorological information which is avail- 
able concerning the subject. 

A theoretical consideration of the problem indicates 

that atmospheric wave motion can occur at any sur- 
face in the atmosphere where there is a rapid change 
in wind velocity with height and a stable stratification 
of temperature. Such conditions are best fulfilled at 
temperature inversions, which, it will be noted, usu- 
ally correspond to a rapid decrease with height of the 
index of refraction. The wind shear supplies the 
energy to set up the wave motion, in the same way in 
which waves are formed at the surface of the ocean. 
Gravitation acts as a stabilizing or restoring force. 
Hence, these waves are of a mixed shearing and 
gravitational type. The waves may be stable or un- 
stable, depending on their wavelength, on the density 
and wind speed differences between the two media, 
and on the lapse rates in the two media. For any given 
values of the density and wind velocity differences 
and of the lapse rates, there is a critical wavelength 
below which wave motion is unstable; that is, it dis- 
appears into turbulent eddies because of the shearing 
effect. All wavelengths above this critical value will 
remain stable because of the gravitational effect. 
Hence one may speak of the former as “shearing 
waves” and of the latter as “gravitational waves.” It 
is the stable or gravitational type with which we are 
concerned. 

These considerations hold for wavelengths up to 
about 500 km. For longer wavelengths the effect of 
the earth’s rotation must be considered. In this paper 
only the shorter wavelengths where this effect may 
be neglected will be discussed. 

A mathematical analysis of wave motion and deter- 
mination of the critical wavelengths involves a solu- 
tion of the equations of motion and continuity and an 
application of certain boundary conditions. In order 


iBy Lt. R. A. Craig, AAF, Weather Division. 


to derive the critical wavelengths given below, the 
following assumptions have been made. 

1. The inversion or shearing layer may be re- 
garded as a strict discontinuity between the air above 
and the air below. This assumption is sufficiently ac- 
curate provided the thickness of the layer is small 
compared to the wavelengths which occur. 

2. The velocities associated with the wave motion 
are small compared with the undisturbed velocities 
of the air masses above and below the inversion. 

3. The height of the inversion above the lower 
boundary (ground) is equal to or greater than 40 
per cent of the wavelength which occurs. 

4, There is no friction between the two fluids. 

Two cases may be considered. The first is the case 
where the air masses are assumed to be incompressible 
and homogeneous. It also holds for two air masses 
with adiabatic lapse rates. In this case the critical 
wavelength is given by*®* 


Qn (U-U)P TT 
(T'—T)g T+T 
In the second case the air masses are compressible 


and isothermal. For this case the critical wavelength 
is given by?® 


d crit = 


Vo ee OP 
g 4 
T +7 
\a- 1) +2 = 47) SO mi 


In these two eae 

T’ = temperature in the upper air, 
temperature in the lower air, 
velocity in the upper air, 
velocity in the lower air, 
acceleration of gravity, 

Cp/ Cy = 1.405, 
gas constant for air 
= 2.87 X 10° em?/sec? degree. 

In Table 13 the critical wavelengths in meters are 
tabulated for various values of wind shear and tem- 
perature difference. Values for the adiabatic case are 
tabulated above values for the isothermal case. For 
an intermediate lapse rate some intermediate value 
holds. 

Thus, for any given inversion, stable wave motion 
may exist so long as the wavelength is equal to or 
greater than the listed values and less than about 
500 km. There is no theoretical reason to believe that 
any particular wavelength in this wide range is more 
apt to occur in nature than any other. 

There is, however, some observational evidence to 
indicate that the wavelengths which occur in the at- 
mosphere are near the lowest possible values which 
can occur, namely, the critical values tabulated above. 
Billow clouds have been observed to occur near in- 
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Tape 13, Critical wavelengths in meters for 7’ = 280°A. 


AU (meters per second) 
AT (C) 0 2 4 6 8 10 12 14 


0 Ps a) Cs) Cs) C) co i) ) 
0 339 677 1016 1354 1693 2031 2370 
2 0 180 718 1616 2872 4488 6463 8796 


0 159 493 860 1225 1584 1938 2287 


A 0 90 359 808 1486 2244 3231 4398 
0 87 317 632 985 13851 1720 2087 
6 0 60 239 539 958 1496 2155 2933 
0 59 226 479 782 1121 1478 1843 
8 0 45 180 404 718 1122 1616 2199 
0 44 174 375 684 985 1264 1612 
10 0 36 144 323 574 898 1293 1759 
0 36 140 308 529 793 1090 1413 
12 0 30 120 269 479 748 1077 1465 
0 30 118 260 451 684 952 1247 
14 0 26 103 231 410 641 923 1256 
0 26 101 225 393 600 841 1110 


Upper value: incompressible, homogeneous fluids. Lower value: com- 
preasible, isothermal fluids. 


versions, and there are some ten cases on record where 
wavelengths of the billows as well as values for the 
temperature and wind velocity differences have been 
observed. In these cases the maximum difference be- 
tween observed wavelength and critical wavelength was 
48 per cent. In only three cases was the difference 
greater than 15 per cent.*®> 

Other weather phenomena have been observed whicl 
indicate stable wave motion in the atmosphere. In 
1936, quite regular fluctuations were measured in 
ceiling height at San Diego on two occasions. The 
amplitude of the fluctuations averaged 25 to 30 m in 
the two cases, with periods of about 15 to 20 min over 
time intervals of 4 or 5 hours.?° In 1934 at the Blue 
Hill Observatory in Massachusetts, there occurred 
wave-like fluctuations in the pressure record, which 
were analyzed by Haurwitz.?’ In these cases upper-air 
data were not sufficiently accurate to compute wave- 
lengths quantitatively by means of the critical wave- 
length formula, but it appeared from approximate 
values of wind shear and density difference that the 
critical wavelengths might well be occurring. 

If it is desired, then, to predict what wavelengths 
will occur with a given inversion, the critical values 
would seem in the light of these observations to give 
a good estimate of the order of magnitude. 

Assuming that these wavelengths are the ones which 
occur, one can discuss the velocities and periods of 
the wave motion. For these critical wavelengths, the 
velocity of the wave motion is the mean of the veloci- 
ties of the air masses above and below the inversion. 
Hence the period can be estimated by dividing the 
wavelength given in the table by this valye. As an 
example, for a mean velocity of 5 m per second, the 
periods vary from about 6 sec to about 8 min, de- 
pending on the wind shear and density difference. 

The vertical velocity at the inversion cannot be 
determined, since an arbitrary constant is involved. 
However, it can be said that this vertical velocity will 


be reduced to one-tenth its inversion value at a height 
d equal to 37 per cent of the wavelength above the in- 
version. This holds strictly only for thé incompres- 
sible, homogeneous case but is approximately correct 
for the other case as well. 

It is known, then, from theoretical considerations 
and some observational material, that wave motion is 
apt to occur at a layer in the atmosphere where there 
is a temperature inversion accompanied by wind shear. 
When such inversions are believed to be of impor- 
tance in affecting the propagation of radio waves, it 
should be remembered that there may well be wave 
motion occurring and that the interface is not neces- 
sarily a level surface. It remains to be determined 
whether this fact will help to explain the observed 
very high frequency fading. An estimate of wave- 
length, period, and velocity of the atmospheric wave 
motion, as given by Table 13, may be of assistance 
in testing this possibility. 


ANALYSIS OF DUCTS IN THE TRADE 
WIND REGIONS* 


This report is an analysis of the frequency and 
magnitude of low-level and elevated ducts as indi- 
cated by meteorological observations over the trade 
wind areas of the Atlantic and Pacific Oceans. Mete- 
orological soundings of the Meteor expedition,” taken 
during 1925 to 1927 over the Atlantic Ocean were 
utilized in analyzing elevated ducts. Climatological 
data of the Atlantic and Pacific Oceans were employed 
in study of low-level ducts. A qualitative analysis of 
95 soundings of the Meteor expedition had previously 
been made in reference 23. 


Elevated Ducts 
TRADE WIND AND DoLpRUMS AREAS 


A semipermanent high-pressure system is located 
over the oceans at about 30 degrees of latitude. The 
northeast trade winds blow from 30°N to about 5°N. 
Between the equator and 30°S the southeast trade 
winds prevail. The doldrums, a region of light winds 
and heavy rainfall, appears between the two wind 
systems. 


Ducts IN THE TRADE WIND REGION 


In the trade winds a warm, dry subsiding air mass 
exists over a cool, moist ground layer. The transition 
zone between the two air masses is characterized by 
a temperature inversion (increase with height) and 
a sharp decrease of the water vapor content of the 
air. It is this transition layer which coincides with 
the duct, which in this paper is defined as a layer in 
which the curvature of the path of high-frequency 
electromagnetic waves exceeds the curvature of the 


kBy Raymond Wexler, Signal Corps Ground Signal Agency. 
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earth. Within these ducts these waves may be trapped, 
and abnormally long ranges may occur. 

As the trade winds blow toward the equator over 
warmer ocean areas the heating from below causes 
the duct to rise and to become weaker until finally 
near the equator the duct disappears and the two 
air masses become thoroughly mixed. 


HEIGHT OF THE Duct BAsE 


The base of the inversion (or duct) increases in 
elevation equatorward. According to the Meteor 
soundings, taken during March and April, the aver- 
age elevation of the base of the inversions rose from 
700 m at latitudes 15°N to 20°N, to 1,020 m at 10°N 
to 15°N, and to more than 2,000 m at latitudes 5°N 
to 10°N. Between the equator and 5°N, no ducts 
existed to an elevation of 2,500 m. 

The elevation of the base of the inversion also in- 
creases westward into the Atlantic from the African 
Coast. At latitudes 15°N to 20°N, its elevation in- 
creases from less than 300 m off the African Coast 
to 1,500 m in mid-Atlantic. 
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Ficure 13. Height of the temperature inversion base 
over the Atlantic. (After von Ficker.) 


Figure 137+ depicts the height of the temperature 
inversion base in the Atlantic, based largely on the 
data from the Meteor expedition. South of the equa- 
tor, soundings were made during the winter season 
(June to August), while north of the equator the 
soundings were made chiefly in the spring (March 
to May). The height of the base of the inversion has 
a seasonal variation, being greater in winter than in 
summer. 

Figure 14 represents typical M curves computed 
from the soundings of the Meteor expedition. Curves 
A (sounding 182 of the Meteor expedition taken just 
off the African Coast) show a ground-based duct of 
elevation 140 m on the ascent curve and 90 m on the 
descent curve. Oceanward, the duct becomes ground- 
based, S-shaped, as is shown by curves B (sounding 
183) 
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Ficure 14. M curves, Meteor expedition, March 1927. 


The descent curve! shows a decrease of 59 M units 
in 20 m, corresponding to a ray curvature about 20 
times greater than that of the earth’s surface. West- 
ward into the Atlantic the inversion base rises to about 
1,000 m. (Curve C, sounding 184.) 


FREQUENCY oF Duct OccURRENCE 


Within the trades proper a duct is practically cer- 
tain to exist. In Table 14 the percentage of duct 
occurrence, by latitude according to Meteor sound- 
ings, is tabulated. The extreme curve (ascent or de- 
scent) was utilized in determining the existence of a 
duct. 


TaBLE 14. Frequency of duct occurrence by latitude 
over the Atlantic Ocean based on the Meteor soundings. 


Latitude, degrees Frequency (% of all cases) No. of cases 


20-15N 100 19 
15-10N 7 19 
10-5N 40 17 

5-0N 0 18 

0-58 0 17 

5-12S 56 16 
12-18S 53 15 
18-248 73 26 
24-358 10 20 
35-508 19 21 
50-638 0 20 


It is evident from Table 14 that in the vicinity of 
the doldrums (5°N to 5°S) the existence of ducts is 
rare. A maximum frequency occurs between latitudes 
15° and 25°. Note that all soundings made between 
latitudes 15° to 20°N indicated the presence of a 
duct. 


THICKNEss oF Ducts 


The average thickness of the duct in the trade 
wind inversion, according to Meteor data, is about 
130 m. According to the theory of the dissipation 
of the ducts near the equator due to heating from 
below; the thickness should decrease toward the equa- 


1The ascent and descent curves disagree largely because of 
the lag of the humidity element in the sounding rig. The curve 
showing sharper inversion is therefore probably the more 
accurate. 
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tor. No evidence of such a decrease was found from the 
Meteor soundings, probably because of the large height 
interval hetween observations. For this reason too, the 
figure for average thic.ness of 130 m is probably 
too large. 


InTENsITY oF Ducts 


The decrease of the modified index of refraction 
within the duct averaged 28 M units between latitudes 
10° to 20°N, and only 14 M units between latitudes 
5° and 10°N, indicating a decrease in the intensity 
of the duct equatorward. The intensity of the duct 
also decreases -oceanward from the coast of Africa. 


Surface Ducts 


The thickness of surface ducts depends on the 
wind speed and the magnitude of the vapor pressure 
difference between the ocean surface and the air at 
some representative level (say the ship’s bridge) 
It is probable that the wind factor is the more im- 
portant. Near the west coasts of continents the low- 
ering of the trade wind inversion becomes the most 
important factor. Duct intensities over the ocean in 
the Northern Hemisphere, based on climatic charts 
of the ocean, have been computed by Montgomery and 
Burgoyne.?® 


WIND SPEED 


According to observations taken in the Pacific 
north of New Guinea and northeast of Saipan, ducts 
were less than 10 ft in depth at wind speeds of one 
knot and were 40 to 60 ft at wind speeds of 10 to 20 
knots.?° According to climatic charts of the ocean 
(6), the average wind speed in the trade winds is 
maximum in summer at 15° to 20°N and in winter 
at 10° to 15°N. In the Southern Hemisphere maxi- 
mums are at 10° to 15°S in summer (December 
to February) and at 5° to 10°S in winter. These 
latitudes in the respective seasons should also coincide 
with the maximum thickness of surface ducts. 


Varor Pressuri Dirrerencr 


As the air flows toward the equator over continually 
warmer water surfaces moisture is being supplied to 
the air by evaporation from the water surface. Nearer 
the equator the increased rainfall decreases the water 
vapor pressure difference between the ocean surface 
and the air above. According to climatic charts?” the 
Maximum vapor pressure difference between ocean 


surface and the air above in the trade exists at about 
latitudes 20° in summer (in both hemispheres) and at 
latitudes 10° to 15° in winter. This effect should also 
contribute to the existence of a maximum duct height 
in the trade winds at about 20° latitude in summer, 
15° in spring and fall, and 10° in winter. 


Surrace Ducts NEAR THE WESTERN 
Coasts oF CONTINENTS 


All soundings of the Meteor expedition within 300 
miles of the coast of Africa showed intense ground- 
based ducts or S-shaped ground-based ducts. These 
ground-based ducts are also a common occurrence on 
the west coast of the United States. At San Diego the 
average height of the inversion base is near 1,000 ft 
during the summer.”® The height of the duct base has 
a diurnal variation, being maximum in the morning 
at about 0800 local time and minimum at about 1600. 
The diurnal variations are governed by land and sea 
breeze phenomena. 


Experimental Evidence 


During 1944, aircraft traffic to and from Ascension 
Island at 8°S in the Atlantic was tracked by two 105- 
me radars sited 2,500 and 1,700 ft above mean sea 
level. The following observed phenomena were re- 
ported verbally. 

1. Ranges were greater during the dry season than 
during the wet season. 

2. Ranges westward (270°) were greater than to 
the northeast (40°), and greater northeastward than 
to the north (10°). 

The decrease in duct intensity equatorward de- 
scribed herein is commensurate with observation (2), 
in which ranges are reported to be less toward the 
equator than along a parallel of latitude. 


Conclusions 


1. Over the trade wind areas of the oceans both 
elevated and surface ducts often exist. 

2. The elevated duct is of maximum intensity and 
frequency at 15° to 20° of latitude. It decreases in 
intensity and frequency equatorward, disappearing 
in the doldrums. 

3. The surface duct, dependent largely on wind 
speed, is of maximum depth at about latitude 20° in 
summer, 15° in spring and fall, and 10° in winter. 

4. Near the western coasts of continents the ele- 
vated duct lowers into an intense ground-based duct. 


Chapter 2 
METEOROLOGICAL EQUIPMENT FOR SHORT WAVE 


METEOROLOGICAL EQUIPMENT FOR 
PROPAGATION STUDIES# 


Outline of Problem 


| Aisin GAINED during the recent years with 
radar, especially microwave radar, and with ex- 
perimental microwave communication equipment has 
shown that the electromagnetic radiation field pro- 
duced by a transmitter is subject to large variations 
depending on the weather. These variations are caused 
by refraction and so are related to variations of dielec- 
tric constant in the atmosphere. Pressure, temperature, 
and. humidity determine the dielectric constant (re- 
fractive index). 

It has been found that above a certain height vari- 
able with season and geographical location but rarely 
exceeding 1,500 m above ground, atmospheric refrac- 
tion is reasonably constant. In the lower levels and 
especially in the lowest hundred meters of the atmos- 
sphere, temperature and moisture conditions strongly 
affect the radiation field and thereby influence the 
operation of radar and other short and‘ microwave 
equipment. In order to evaluate this effect in quanti- 
tative terms, the temperature and moisture distribu- 
tion in the lowest layers must be determined with as 
high a degree of accuracy as is compatible with speed, 
edse of operation, and other practical limitations. 

A number of methods have been tried during the 
recent years which range from measurements with 
ordinary radiosoride equipment to the use of a psy- 
chrometer on the steps of a fire ladder. Two facts have 
appeared rather clearly: First, hairs are not suitable 
for moisture measurements of this type on account of 
their great sluggishness (except perhaps for station- 
ary use on towers), since the time of adaptation of a 
hair to appreciable changes in humidity is of the 
order of 3 to 5 minutes. Secondly, it has been found 
that ordinary radiosondes are not usually appropriate 
because the readings obtained from them normally are 
taken about 100 m apart in vertical distance and for 
this particular problem a more detailed knowledge of 
the temperature and.moisture distribution is necessary. 
With a clock-driven radiosonde this can be remedied 
by loading the sonde down by means of a ballast 
(water or sand) which slows down the ascent of the 
instrument in the lower levels. If the ballast is made 
to run out gradually, the full lift of the balloon may 
be restored at any given level. This method cannot be 
applied to the U.S. Weather Bureau radiosonde in 


aBy W. M. Elsasser, Columbia University Wave Propaga- 
tion Group. 


226 


which temperature and moisture data are sent out by 
a mechanism in which electric contacts are closed by 
a pressure cell at predetermined levels (see, however, 
pages 230-231). 

On the whole it has been found more advisable to 
develop new or improved instruments or to adapt spe- 
eial instruments for a low-level sounding technique 
rather than to rely on the existing facilities for aero- 
logical measurements. The methods developed so far 
involve the use of planes and dirigibles as well as cap- 
tive balloons and kites. For the lowest strata, specially 
built towers and ship installations have come into use. 


Wet and Dry Bulb Methods 


The use of humidity data for radio propagation 
problems involves new features in instrumental tech- 
nique because the main effects of strong refraction are 
found under approximately calm weather conditions. 
Therefore, when wet and dry bulb methods for humid- 
ity measurements are used, particular care must be 
taken to insure satisfactory aeration of the wet bulb. 
As a rule, an air speed of about 3 m per second (about 
6.5 mph) is considered adequate ventilation for the 
wet bulb. In a plane, dirigible, or kite the necessary 
aeration is automatically provided. But on a tower 
or when carried by a captive balloon, artificial aeration 
will frequently be necessary. It has been claimed,? 
however, that if a wet bulb electrical resistor is used in 
conjunction with a captive balloon adequate aeration 
can be provided by giving the balloon cable a few 
violent jerks of about 5-ft amplitude. 

An ordinary sling psychrometer held out of the 
window of a flying plane and aerated by the slip stream 
has been found to give fairly reliable results, provided 
the wet bulb is kept properly moistened. This method 
has been used with good success for preliminary re- 
search work. It may be presumed that the use of a 
rather slow-flying plane is essential, in order to keep 
the dynamic temperature correction small and also in 
order to insure a not too excessive rate of evaporation. 

Thermocouples, thermopiles, and temperature-sen- 
sitive resistors frequently are used as temperature 
Tesponsive elements in place of actual wet and dry 
bulb thermometers. They are incorporated in spe- 
cially designed electrical bridge circuits in which the 
temperatures are read on either indicating or record- 
ing meters. 


bData, courtesy of U.S. Navy Radio and Sound Laboratory, 
unpublished. 
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Temperature and Humidity 
Resistance Elements 


TEMPERATURE 

Temperature-sensitive resistors are satisfactory both 
with regard to accuracy and the absence of lag. The 
British have used platinum resistance thermometers 
very successfully in stationary installations. In the 
United States electrolytic or ceramic resistance elo- 
ments are commonly used. The latter can be made to 
change their resistance several fold over a relatively 
narrow temperature interval. Their accuracy is there- 
fore limited, not so much by the accuracy of the cur- 
rent measurement as by their intrinsic stability after 
calibration, proper radiation shielding, etc. 

The electrolytic element developed for the Bureau 
of Standards radiosonde’? has a time-lag constant 
(time required to attain the fraction (1—e™*) = 0.63 
of: the total change) of 8 sec at an airspeed of 3 m per 
second, of 14 sec at an airspeed of 1 m per second, and 
of 40 sec in still air 

Recently the ceramic Sanborn element® has come 
into use; it has about the same lag characteristics as 
the electrolytic element but is practically free from 


°Manufactured by Paul H. Sanborn, 2602 Riverview Drive, 
Parkersburg, W. Va. 
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aging. The following time-lag constants have been 
measured :* 8 sec at an airspeed of 3 m per second and 
12 sec at an airspeed of 1 m per second. Another 
source reports 20 sec at an airspeed of 5 m per second 
(this value seems too large in comparison with the 
others) and 42 sec in still air. 


MoIsTURE 


The Bureau of Standards resistance element as well 
as the Gregory humidiometer (a British development) 
uses a dilute solution of lithium chloride. 

In the Bureau of Standards element the lithium 
chloride film is deposited on the surface of a thin cyl- 
inder on which there is a bifilar winding of two thin 
wires. The stability and aging characteristics of this 
element are described in the literature.¥? An average 
actual accuracy of 5 per cent relative humidity is 
claimed for the ordinary radiosonde when used under 
routine conditions. Higher accuracy (1 per cent RH) 
is claimed, at least at temperatures above freezing, 
when used with captive balloon equipment,™ partially 
because the current is frequently reversed to cut down 
polarization effects and partially because the calibra- 
tion can be more closely watched. Tests? show that at 
an airspeed of 2.5 m per second the time lag constant 
is 3 sec at 24 C and 11 sec at 0 C. 
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Figure 1. Wired sonde circuit. 


The potentiometer P applies a constant voltage (0.36 v at low and 0.18 v at high RH) to both of the independent circuits of the sonde proper. 
The currents, determined by the resistances of the relative humidity and temperature elements respectively, are read on the RH meter and 
T meter. S3 commutates these currents at half-second intervals; Si and S2, actuated simultaneously with S3, maintain constant polarity at the 
meters. The 1,000-nf condensers CC smooth the currents through the meters. S1S2S3 are contained in the pile-up of a single relay which is actuated 
by @ miniature worm-geared motor as shown. The 10,000-ohm protective resistance F is shorted out during measurement. Connections to the 
ground end of the cable are made through slip rings (not shown) mounted on the cable Teel. All components, excepting the sonde, cable, and 


6-v storage battery, are housed in a single case 20x9x7 in. 
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The Gregory humidiometer’* uses a lithium chlo- 
ride solution soaked in a clean cotton cloth. The re- 
sistance of the element changes from over 100,000 
ohms at 30 per cent RH to as little as 50 ohms at 100 
per cent RH. It undergoes pronounced aging during 
the first several days and then remains sensibly con- 
stant for a number of weeks. The instrument is in an 
experimental stage and is at present being tried out at 
the Rye towers in Sussex (see page 229). 


Circuit Design for Resistor Elements 


Thermocouples or thermopiles are commonly used 
in a conventional bridge circuit. In connection with 
the electrolytic and ceramic type of resistance ele- 
ments, circuits have recently been developed that in- 
clude certain features novel in the technique of atmos- 
pheric measurements. 

Tn the equipment developed by Washington State 
College** the standard radiosonde temperature ele- 
ment was originally used, fut in a more recent type 
they have combined the Sanborn temperature element 
and the radiosonde electrolytic humidity element. The 
electric equipment (Figure 1) consists of a dry cell 
with potentiometer supplying about 14 volt, two 
double-pivot microammeters, one in series with each 
of the elements, and a 6-volt d-c motor. The relay re- 
verses the current through the elements at a rate of 
50 cycles (100 reversals) per minute while maintain- 

4Information supplied to the U. S. Propagation Mission to 
England. 

Instruments made by Negretti and Zamba, Ltd., London. 
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ing constant polarity at the meters. The current is 
smoothed by large condensers in parallel with the 
meters. The commutation eliminates polarization of 
the electrolytic elements and greatly increases their 
accuracy and useful life. The commutation period is 
so selected that it is long enough to prevent inductive 
and capacitative interaction between the two circuits 
but is short enough to allow of smoothing the currents 
through the meters. 

The cireuit illustrated in Figure 2 has been devel- 
oped by the Propagation Group at the Radiation Labo- 
ratory, MIT.* The apparatus includes two Sanborn 
Tesistance elements, one of them surrounded by a mois- 
tened wick. The current flowing through the resistors 
originally was fed into an amplifier which drove a 
recording milliammeter. However, after a number of 
amplifiers had been tried, the simple scheme shown in 
Figure 2 was adopted and, at the time of the writing 
of this report, is being used for all measurements made 
by the Radiation Laboratory, those from planes as 
well as those from captive balloons which will he 
described later. 

The dry and wet elements are placed in the circuit 
alternately by means of a hand-operated switch. The 
device can be calibrated by means of a set of fixed 
precision resistors and the balance of the bridge is 
checked before each flight. An advantage of this 
method is the possibility of using a commercial d-c 
recorder (0 to 1 ma) immediately at the plate ter- 
minals of the amplifier tube. This is particularly 
favorable for use in airplanes and dirigibles. 
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FicurE 2. Schematic circuit of electronic amplifier. 


The resistance of the thermal element, X, controls the bias of one triode of the double triode, 6SN7, which acts as a vacuum tube voltmeter 
to compare the resistance of the thermal element with a standard resistance. A 1-ma recording meter 1s placed between the two plates. The 
resistance in the grid circuits is so chosen as to place 10 v across the thermal element at the lowest temperature of each range. This voltage 
decreases as the temperature rises. The zero is set by means of a 100-ohm potentiometer in the cathode circuit. Calibration of the amplifier is 
obtained by switching a series of precision resistors in steps of 1,000 ohms into the circuit in place of the thermal element. A range of roughly 25 C 
for full scale is used, and ¢hanges of 0.25 C can be measured. Sufficient overlapping is provided so that both wet and dry bulbs can record on 


a single setting. 


The stability is such that with a change in line voltage between 95 and 120 v there is no readable change in the meter deflection at 0 (when the 
tubes are balanced) or at full scale reading. When tubes are replaced there is, at worst, a change of 1 per cent of full scale deflection tapering to 


no deflection at 0. 
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It is well known that the ordinary thermocouple is 
not readily adapted to recording purposes. Only at sta- 
tionary installations such as towers, where multi- 
junction thermopiles can be used, is it possible to 
record the indication of the sensitive galvanometer 
required. 


Anemometers 


Wind measurements are of importance in connec- 
tion with off-shore winds at coasts which give rise to 
pronounced refraction of short and microwaves. The 
ordinary commercial anemometers become quite un- 
reliable at very low wind speeds (of the order of 4% m 
per second) and may stop completely. A special ane- 
mometer for low wind speeds® has been designed by 
the British Chemical Warfare Service and is used as 
a regular piece of field equipment by its units. In the 
United States a highly sensitive anemometer has been 
developed at the California Institute of Technology.” 
This instrument records wind speeds from 0.5 to per- 
haps 30 mph. It has the conventional three cups rotat- 
ing on a vertical axis. Hach rotation is registered on a 
counter by magnetically operated electrical contacts. 
For higher wind velocities the counter may be switched 
to record only every hundred rotations. The apparatus 
is delicate and is critical in its behavior toward certain 
adjustments. 


Semipermanent Installations 
TOWERS 


Two major installations of towers are at present in 
existence in England. They are the Porton towers and 
the Rye towers. The Porton towers on the Salisbury 
Plain form part of the extensive meteorological equip- 
ment of the British Chemical Warfare Service and 
have been in use for a considerable number of years.® 
Continuous records of dry and wet bulb temperatures 
at heights of 4, 23, and 56 ft above the ground are 
made. The elements used are platinum resistance 
thermometers connected into bridge circuits and are 
artificially aerated. The recording mechanism is lo- 
cated near the bottom of the tower. 

A similar set has recently been installed on the Rye 
towers in Sussex which form part of a CH radar sys- 
tem. Temperature and relative humidity are recorded 
for heights of 4, 50, 155, and 360 ft above ground. The 
resistance thermometers are similar to those at Porton, 
but the moisture measurements are made with the 
Gregory humidiometer described above. 

In a large research project on microwave refraction 
carried on in the summer of 1944 by the Propagation 
Group at the Radiation Laboratory, a mast was erected 
at one terminal of the path. Wet and dry bulb tempera- 
tures are recorded continuously with the device de- 
scribed in text on p.228 at heights of 4, 16, 36, and 
55 ft above the sea surface, these heights varying some- 
what with the tide. The measuring elements are lo- 
cated in one end of a horizontal piece of tubing 3 ft 


long, and in the other end, close to the pole, an aera- 
tion fan is mounted. Wind yelocity records are made 
by means of Stewart anemometers. 


SHIPS 


The Royal Navy has detailed three yachts for atmos- 
pherie measurements on an experimental microwave 
transniission path over the Irish Sea. They are pro- 
vided with dry and wet thermocouples at altitudes of 
5, 10, 40, and 50 ft above sea level. The former two 
are mounted on hinged beams outboard, while the 
latter two are on a mast in the forward part of the 
ship. The thermocouples are copper-constantan, and 
there are two in series for the temperature measure- 
ment with the cold junctions placed in a Dewar flask 
filled with melting paraldehyde (maintaining a tem- 
perature of 50 F). There are two pairs of dry and wet 
Junctions connected in series which measure the wet 
bulb depression. The galvanometer is in the ship’s 
cabin. Aeration is provided by the ship’s movement, 
and when measurements are made the ship sails into 
the wind to minimize the effects of the discharge from 
the smokestack. 

In the project at the Radiation Laboratory just re- 
ferred to measurements are also being made from the 
mast of a boat. The 48-ft mast is provided with a 6-ft 
cross arm and a motor-aerated housing containing the 
elements can be raised from the bottom of the mast 
to the end of the cross arm, giving continuous infor- 
mation over the height of its travel. 

Measurements carried out on shipboard by means 
of captive balloons or kites will be discussed in fol- 
lowing text. 


Measurements on Board Planes 


and Dirigibles 


As has been mentioned before, a sling psychrometer 
held out of the window of a flying plane will give 
reasonably accurate results if some elementary pre- 
cautions are taken to insure proper moistening of the 
wick. 

The two types of instruments described before on 
p-228have been adapted for use with airplanes. In the 
Radiation Laboratory instruments the two elements are 
mounted diagonally in a piece of Bakelite tubing about 
14% in. in diameter, the dry element in front of the 
wet element, relative to the wind stream. In the earlier 
airplane measurements water was blown over the moist 
element and a reading made when the recorder showed 
equilibrium to be reached. Now capillary action is used 
throughout, the water being supplied from a small 
vessel underneath the Bakelite tube. This instrument 
has been tested in a wind tunnel with wind speeds up 
to 145 mph. The dynamic pressure effect increases 
the reading by 0.4 C at the cruising speed of the plane 
(100 mph). This value was checked, both in the plane 
itself and in a wind tunnel. 
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The Washington State College [WSC] instrument 
has been adapted for airplane measurements and has 
been used on several types of planes during tests in 
Panama.» The elements were housed in a single- 
walled cylinder of aluminum, about 1.75 in. in diam- 
eter, covered on the forward end with a cone. A small 
circular opening (3 in. in diameter) made by cutting 
off the end of the cone reduced the velocity of the air 
across the elements to about one twenty-second of the 
plane’s speed. Comparison of a plane sounding and a 
balloon sounding in the same region at the same alti- 
tude and time gave identical results within reasonable 
experimental error. 

With airplane measurements the determination of 
the plane’s altitude becomes an important task. In 
the experimental flights at the Radiation Laboratory 
the altimeter of the plane itself was used. According 
to the experience obtained in Panama it is desirable 
to have an additional altimeter placed directly before 
the operator in order to facilitate rapid and accurate 
altitude determinations. The nominal accuracy of an 
airplane altimeter is about 20 ft. Over sea it may be 
possible to determine the absolute altitude of the 
plane with about the same degree of accuracy, but 
over land less accuracy is to be expected. 

Measurements from a dirigible (blimp) have been 
carried out by Radiation Laboratory. The instrument 
is suspended on a cable about 100 ft below the ship. 


Captive Balloon Sondes and Kites 


Rapio TRANSMISSION TYPE 


Two different methods have been tried in connec- 
tion with balloons and kites. When first used in prac- 
tice an ordinary radiosonde was attached to the balloon 
(kite) -and the results were recorded on the ground 
by radio in the usual way. This method was used in an 
experimental investigation carried out under the aus- 
pices of the AAF Board, Orlando, Fla.® Although by 
the nature of the instrument the measurements are 
spaced 200 to 300 ft apart, a rough survey of the 
temperature and moisture distribution sufficient for 
some operational purposes was gained in this way. 
The record on the ground was taken by. means of a 
standard U.S. Army radiosonde receiver. 

It was pointed out in this report® that it might be 
advantageous to use a combination of two radiosondes 
in tandem, such that in one instrument the contacts are 
connected to the temperature device, in the other to 
the humidity element. It would then be possible to ob- 
tain simultaneous temperature and moisture readings 
at the same elevation, instead of alternating ones, as 
is the case when only one instrument is used. This 
would, however, require the use of two receivers at 
the ground with two slightly different carrier fre- 
quencies. 

Another adaptation of the standard Weather Bu- 


reau radiosonde was made by WSC.** The ground in- 
stallation was similar to that used by the Weather 
Bureau in its full radiosonde measurements, but the 
standard radiosonde was modified by replacing the 
pressure- (altitude-) actuated switch by a clock-driven 
commutator. The results obtained were quite satisfac- 
tory, and the technique may be appropriate at stations 
where standard radiosonde equipment is available. 


WirED TRANSMISSION TYPE 

The other captive balloon or kite instruments are 
of the wired type with galvanometers or recorders at 
the ground. They may be classified as light and heavy 
types. The light instrument merely carries tempera- 
ture and humidity elements aloft which together with 
the radiation shield do not weigh more than a few 
ounces. To this is added the weight of the cable or 
string carrying the connecting wires. The heavy in- 
strument carries its own aeration equipment in the 
form of a fan driven by a small electric motor. The 
fan and the heavier construction of the frame required 
to accommodate it increase the weight of the airborne 
unit to several pounds. In addition there must be at 
least one more lead on the cable to supply power to the 
fan. 

The first captive balloon instrument was built in 
England several years ago.*° The balloon is anchored 
by an electric cable and the instrument is provided 
with a fan. The overall weight of the instrument with- 
out cable is about 8 lb. Its main part is a piece of poly- 
thene tubing in the shape of an inverted Y with the 
fan placed on top of the tubing while the two legs of 
the Y contain the dry and wet thermopiles. The latter 
are four-junction copper-constantan combinations. 
The cold junctions are enclosed in a small Dewar flask 
filled with melting ice which is located about 10 in. 
below the Y piece. : 

The cable of this instrument has five leads, three 
for the thermocouples and two for the fan (2 to 4 
volts of direct current) ; the instrument is suspended 
from the balloon proper by means of a 100-ft string 
which minimizes the influence of irregular motions of 
the balloon upon the instrument. The ground equip- 
ment consists of potentiometers and a spot galvanom- 
eter with a switch to alternate between the dry and 
wet couples. 

The light type of balloon or kite sounding equip- 
ment was first developed by WSC.°*> The tempera- 
ture and humidity elements are surrounded by a 
double-walled aluminum radiation shield, and the 
whole airborne assembly weighs only a few ounces. 
Originally the standard Weather Bureau temperature 
element was used ; now they use the Sanborn element 
together with the Bureau of Standards humidity ele- 
ments in the circuit shown in Figure 1. 

The sounding procedure used with this instrument 
consists in letting the balloon go rapidly up to a max- 
imum altitude chosen so high that moisture and tem- 
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perature variations with height are comparatively slow. 
The characteristic features of the atmosplieric stratifi- 
cation lie below this level. A rough survey of this 
stratification is made during the ascent. The instru- 
ment is then reeled in and is stopped at a number of 
predetermined levels, long enough to let the elements 
reach equilibrium with the surrounding air. The levels 
chosen are spaced at height intervals small enough so 
that the readings taken reveal the atmosphere struc- 
ture accurately. It has been found that rapid lowering 
of the sonde between readings will provide sufficient 
aeration of the elements to give quite accurate readings 
even in completely calm weather. 

The balloon sonde of the Navy Radio and Sound 
Laboratory uses a dry and a wet Sanborn resistor 
surrounded by a double-walled aluminum radiation 
shield. Often wind aeration is found to be sufficient for 
the wet bulb element, but in calm air the instrument 
is aerated before readings by giving the cable a series 
of rapid jerks of about 5-ft amplitude. The ground 
equipment consists of a 0 to 50 microammeter which 
can be connected to the dry element, the wet element, 
and a standard resistor in turn by means of a double- 
pole triple-throw switch. Voltage is supplied by a dry 
cell and potentiometer. 

The captive balloon sondes used by Radiation Labo- 
ratory* employ dry and wet Sanborn resistors mounted 
diagonally in a piece of Bakelite tubing surrounded 
by an aluminum radiation shield. The circuit and am- 
plifier have been described in text on p 228. In the 
lightweight wind-aerated instrument the piece of 
Bakelite tubing containing the resistors is horizontal. 
Owing to the shape of the aluminum shield it will take 
up an orientation in the wind such that the air strikes 
the dry element before the wet element. More fre- 
quently, however, they use a heavier, fan-aerated in- 
strument in which the Bakelite tubing is vertical and 
the fan is placed on top of the assembly. This instru- 
ment has been extensively used in the recent experi- 
ments at the New England coast ; either it was attached 
to a barrage balloon (35-lb lift), or in calm weather to 
a large Neoprene balloon (see text on p 230). The 
latter type of balloon was also used to make ascents 
from a boat in light and moderate winds. 

Recently, a type of captive balloon equipment has 


been developed commercially which uses the standard 


United States radiosonde recording equipment as the 
ground component. The airborne component consists 
of an audio relaxation oscillator with the measuring 
element connected in the grid circuit. Changes in the 
measured temperature or relative humidity alter the 
frequency developed by the oscillator. By means of a 
special attachment on the ground the balloon sonde is 
used in connection with the regular radiosonde receiv- 
ing and recording equipment. The airborne component 
includes dry cells for the operation of the oscillator 


and the weight of the airborne unit is approximately 
2 Ib. 


CABLE AND BALLOON TECHNIQUE 


The cable which connects the measuring elements 
aloft to meters on the ground is one of the most critical 
parts of the wired sonde. The earliest British instru- 
ment?!® used a cable obtained by stranding together 
thin, insulated, flexible copper cables; the weight is 
about 21 lb per 100 ft. Similar cables were used for 
a while by Radiation Laboratory ; later on they changed 
to the types of cable to be described presently. 

WSC developed a cable technique*® in which 
the pull of the balloon or kite is taken up by a strength 
member such as strong linen twine. Fishline, breaking 
strength 64 lb, was originally used.** Three No. 30 
enameled copper wires are wound around the strength 
member with a pitch of several inches. After being 
made up the cable was passed under thinned airplane 
dope to cement it together and make it waterproof. 
The weight of this cable is about 1 Ib. per 1,000 ft. 

Later developments in this cable resulted in three 
types that have survived accelerated tests equivalent 
to 1 year’s exposure to salt spray without developing 
serious leakage.*? 

Type A consists of a braided Fiberglas strength 
member (nominal strength 80 |b), three No. 30 For- 
mex-insulated copper wires, and a braided nylon sheath 
impregnated with vinyl plastic. 

Type B has an enameled stainless steel strength 
member (nominal strength 40 lb) and three Formex 
conductors within an impregnated nylon sheath.® 

Type C is similar to Type A but has a 180-Ib test 
Fiberglas strength member; it is used with large kites.‘ 

These cables are wound around the drum of an ordi- 
nary winch, and the conductors are connected to the 
ground equipment by means of slip rings mounted on 
the winch. 

Tt has been found advantageous, especially for the 
heavier instruments, to suspend the instrument from 
the balloon on a 100-ft fishline; this line acts as a 
buffer in protecting the instruments from sudden 
jerks of the balloon. 

Neoprene balloons" are recommended in preference 
to rubber latex balloons. They have a much longer 
useful life than rubber balloons and give warning be- 
fore breaking by becoming misshapen. The 300-g N-4 
balloon is used in connection with the WSC instru- 
ment.°? The N-700 balloon has been used by Radiation 
Laboratory for the fan-aerated instrument. Barrage 
balloons (lift 35 lb) were also successfully used in 
winds slightly in excess of those that permit the use 
of lighter balloons. 

The light type of balloon becomes unmanageable in 
winds above about 6 to 8 miles per hour. A two-reel 
technique has been developed* to extend the use of bal- 


‘Supplied by International Braid Co., Providence, R. I. 

‘Supplied by Boston Insulated Wire and Cable Co., Boston, 
Mass. 

Supplied by the Dewey and Almy Co., Cambridge, Mass. 
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Ficure 3. Sounding techniques for use at the wind speed ranges indicated. 5» 


Temperature and humidity“elements mounted within the radiation shield S are connected through the 3-conductor cable C with slip rings on 
the cable reel R. The meter box (not shown) is connected to the brushes of R. B: 300-g Neoprene balloon. L: light fishline. F: fishline reel. SK: Sey- 
fang 7-ft kite. N: nylon kite line. W: kite winch. HK: Hoffman single cell box kite. Arrangement (D) is suitable for sounding from moving ships; 


its ceiling is limited to about 400 ft by the small lift of this kite. 


loons to somewhat higher wind speeds (from 6 to 10 
mph). The pull of the balloon is taken up by a separate 
fishline, the reel of the fishline being placed windward 
relative to the reel of the cable (Figure 3). 

Jn: wind speeds above about 8 mph kites are used in 
place of balloons. A small folding kite!, standard for 
“Gibson Girl” emergency radio equipment, is easy to 
handle and requires only a light cable, but its ceiling is 
limited to about 400 ft. This type of kite has been used 
successfully for soundings from boats. 

A heavier, 7-ft kite) is well adapted to :and-based 
soundings. It flies at a high angle (55° to 60°) and 
can be put up at minimum wind speeds. At the high 
relative wind speeds encountered in, ship-based sound- 
ings the pull of this kite is excessive and launching cor- 
respondingly difficult. 

Sounding techniques are shown schematically in 
Figure 3. For the kite a braided, waterproof nylon 
line, breaking strength 150 Ib. is recommended. For 
ship-based soundings or conditions where sudden high 
stresses are likely, a 300-Ib test nylon line may be used. 

There seems to be no difficulty in measuring the 
altitude of the captive balloon or kite.** The length 
of line paid out is determined either by counting the 
turns of the reel or by means of markers attached to 
the cable at regular intervals; if the line is off the 
vertical, its mean inclination can be measured with 
sufficient accuracy by a simple hand inclinometer. 


AUTOMATIC RECORDING OF 
METEOROLOGICAL SOUNDINGS* 


A means has been developed for making automatic 


‘Supplied by Hoffman Radio Co., Los Angeles, Calif. 
iSupplied by F. C. Seyfang, Atlantic City, N. J. 
kBy E. Dillon Smith, U. S. Weather Bureau. 


recordings on a Leeds and Northrup Speedomax or 
Friez Cycloray recorder of low-level meteorological 
soundings of temperature and humidity. The design 
of the equipment has been restricted in the sense that 
the standard Weather Bureau-Army-Navy electrolytic 
hygrometer and negative resistance temperature units 
must be utilized; all recordings must be made on the 
existing automatic radiosonde recorders just named. 


GENERAL DrsiGN CONSIDERATIONS 


The existing standardized electrolytic hygrometer 
strip polarizes when direct current is placed on its 
terminals. However, if a reversed direct current is 
placed on the terminals of the strip, this polarization 
tendency is neutralized. This would seem to indicate 
the desirability of placing a low-frequency alternating 
current on its terminals in lieu of the direct current 
commutation principle which generally has been used 
in existing low-level meteorological sounding .equip- 
ment. 

The frequency of the alternating current to be 
placed on the strip will in general be controlled by the 
reactance of the low-level sounding cable. In view of 
this limitation a frequency of approximately 10 c has 
been used. 

The temperature resistor operates equally well on 
either direct or alternating current; therefore, it re- 
quires no equipment design considerations. 


ELECTRICAL CHARACTERISTICS OF HLEMENTS 


Present practice makes the “lock-in” for the tem- 
perature and humidity elements through a resistor in 
series with the elements. However, this technique in- 
troduces errors in the readings both above and below 
that for the lock-in point. Effectively, the slopes of 
the calibration curves are altered, affecting the read- 
ings on the indicators. In view of this situation, it is 
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Ficure 4. Basic components of amplifier-recorder. 


tundamental that voltages should be measured across 
the hygrometer or temperature elements. Auy lock-in 
device must be inherent in the equipment as remote 
from the voltage appearing across the elements. This 
principle has been incorporated in the design of the 
equipment. 

Since the electrolytic hygrometer element can be 
designed so that it will not polarize under direct cur- 
tents approaching 100 pa, it appears desirable to design 
the recording equipment for possible adaptation to 
this type of element. In other words, the amplifiers 
must be capable of handling direct currents as well as 
alternating currents. 


CaBLe Error 


If the standard temperature and hygrometer curves 
are used originally for calibrating the recorder, it is im- 
portant to note that the cable resistance will introduce 
a positive error. For average Southwest Pacific climate 
and sounding heights up to about 3,000 ft, the positive 
temperature error is roughly 1.5 F' while the positive 
hygrometric error is about 5 per cent RH. 

These errors, unfortunately, cannot be compensated 
without complete recorder calibration at the outset or 
by mathematically adjusting the standard calibration 
curves. Thus, since the cable is a fixed resistance, the 
standard curve can be recomputed to allow for any 
fixed cable resistance, with the result that no error 
will be introduced into the recorder. 

In consideration of the above requirements, it will 
be necessary, in adapting the standard U. S. Weather 
Bureau electric hygrometer and temperature elements, 
to provide (1) a means of developing a stable low- 
frequency voltage across the elements, (2) to switch 
from one element to another in measuring the voltages 
across these elements, (3) to amplify such voltages, 
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(4) to provide a means of controlling the sensitivity 
and range of the recorder, and (5) to supply the output 
of the amplifier to a 0 to 500 microammeter auto- 
matic recorder. 


ELECTRONIC AMPLIFIERS 

The basic components of the amplifier-recorder are 
shown in Figure 4. The frequency generator operates 
at 10 c and is composed of three units, (1) a phase- 
shift oscillator, (2) a paraphase amplifier, and (3) a 
cuntrollable push-pull output amplifier. 

The amplifier-recorder unit is composed of (1) a 
series limiter, (2) a cathode follower, and (3) a two- 
story amplifier, as shown in Figure 5. For the sake 
of simplicity, the automatic switching device that 
changes the current from hygrometer to temperature 
element has been shown schematically. The switching 
takes place at any rate between approximately 1.0 to 
0.1 ¢; this rate is not critical. 

Since the amplifier must be able to handle either 
direct or alternating current, the balanced two-story 
amplifier has been constructed, wherein the top tube 
is the plate load for the lower tube of the two-story 
amplifier. The output of this amplifier is approximate- 
ly equal to one-half the amplification factor of the tube. 

As shown in Figure 5, this amplifier is fed by a 
cathode follower which has impressed upon it from the 
series limiter only the positive peaks of the a-c voltage 
drop across the hygrometer or temperature element. 
The voltage across the elements can be as low as %4 
to % v, depending upon the sensitivity adjustment of 
the amplifier. It will operate with voltages as high 
as 30 to 60 v across the elements. 


RepuctinG AMPLIFIER OUTPUT TO GROUND 


The amplifier output is at one-half the positive volt- 
+150 


OUTPUT TO RECORDER 


Vicure 5. Automatic recorder circuit. 
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age of the plate supply above ground. However, this 
output can be reduced to ground by the introduction 
of a cathode follower or more simply by three series 
sections of a resistor and glow tube connected in series. 
The output of the two-story amplifier is fed into the 
junction between the first and second sections while 
the output is taken from the junction of the second 
and third sections, where the first section is connected 
to the positive plate supply and the third section con- 
nects to a negative potential equal to one-half the posi- 
tive voltage. It is not necessary to make this addition 
to the present equipment. 


RECORDER ACCURACY 


It is possible to measure temperatures to less than 
Y, of a degree Fahrenheit and humidities to less than 
Y% of 1 per cent. However, this accuracy is not neces- 
sarily required for low-level atmospheric soundings 
and construction of M curves. 


CoNCLUSION 


Direct automatic recording of low-level temperature 
and hygrometer readings is suggested. The method is 
especially adaptable for fixed or shipboard station 
operation. 


Chapter 3 
METEOROLOG Y—FORECASTING 


FORECASTING TEMPERATURE AND 
MOISTURE DISTRIBUTION OVER 
MASSACHUSETTS BAY * 


[2 lage GOING into a description of the forecast 
program and results it will be profitable to describe 
the method used in coordinating the observations. 


Meteorological Observations 


Soundings were made according to two major 
plans. The first was in conjunction with the radio 
path. According to that plan, airplane soundings were 
made once or twice a day at two or three points along 
the transmission path. The boat would take either 
mast or balloon soundings along the path while meas- 
urements at Race Point Light (Provincetown) would 
continue at 2- to 4-hour intervals during most of the 
day and sometimes at night. The Race Point Station 
had the advantage of being well away from land (for 
all but easterly winds) and soundings there would 
thus represent the condition of the air over a large 
portion of the path. The soundings just described 
were made primarily for correlation with the signal 
strength measurements. 

The second plan was to obtain soundings in succes- 
sive steps in air moving off the coast as that air be- 
came more and more modified by the cool ocean sur- 
face. For this reason, days during which the air was 
westerly or nearly so were set aside for this type of 
measurement. The Duxbury soundings gave a rep- 
resentation of the structure of the air before it left 
the land. One airplane made soundings at about 2, 
%, and 25 miles offshore. The times of take-off were 
staggered to allow the first airplane to complete its 
third ascent before the second plane would begin its 
first sounding. 

The boat played a vital role in such a plan. It ran 
along the line of the air trajectory for as long as was 
practicable to take water temperature measurements 
and mast soundings, usually an 8- to 10-hour period. 

The Race Point Meteorological Station was coor- 
dinated into this general plan by having it take con- 
tinual balloon soundings at, say, 2-hour intervals 
both before and after the airplane ascents. The pur- 
pose of these soundings was both to fit in as an extra 
sounding in the general plan and also to yield some 
information as to amounts of change of the meteoro- 
logical conditions with time. Also, in general, the 


"By I. Katz, Radiation Laboratory, Lt. J. R. Gerhardt, 
Lt. W. E. Gordon, Army Air Forces, and P. W. Kenworthy, 
U.S. Weather Bureau, Boston, Mass. 
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times of soundings at Race Point Station were sched- 
uled about 1 hour later than those at the overland 
station to give the air sufficient time to travel from 
one to the other. 


Forecast Program 


A forecast program was begun during July and 
continued to October 10, 1944, in order to try out 
existing methods of forecasting and to help develop 
new techniques. A more natural step would have been 
to analyze the data taken during the summer and 
then to put that analysis into the form of forecast 
procedures, as was done at the end of the 1943 Boston 
Harbor transmission experiment. However, since speed 
was essential it was decided to initiate a forecast pro- 
gram simultaneous with the observations. The very 
act of forecasting tended to focus attention on the 
important weather factors, at the same time giving 
invaluable help in planning the day-to-day observa- 
tions 

The type of forecast made was different from the 
usual form. It consisted of a “space forecast”? rather 
than the usual time forecast. That is, knowing the 
conditions at one point at a given time the problem 
was one of finding the conditions at another location 
at the same time. It involves the entire problem of 
modification of an air mass by a water surface. 

The forecasts were in the form of curves of tem- 
perature and moisture, from which the modified in- 
dex curve was computed. A time and a location in 
Massachusetts Bay were selected at which it had been 
determined previously that a sounding would be made. 
Almost invariably airplane observations were chosen 
to use as verifications because those soundings were 
at sufficient altitudes so that both the modified and 
the unmodified air were sampled. The forecasts were 
made from the surface to 1,000 ft, whereas the air- 
plane soundings started from about 20 ft and con- 
tinued to 1,000 ft. For verification, the forecast and 
the sounding were plotted on the same graph. 


Army Analysis and Forecasts 


The program of the Army forecasters included the 
forecasting of transmission and radar ranges; the ap- 
proach to this problem was empirical. The basis of the 
program was again the analysis of the first 6 weeks’ 
data, this time including the signal strength meas- 
urements which have been described. Signal strengths 
were divided into four ranges qualitatively described 


236 RADIO WAVE PROPAGATION EXPERIMENTS 


as low, standard, high, and very high, corresponding 
to M curves of the types substandard, standard, super- 
standard, and trapping. This analysis did not con- 
sider variations in the M curve over the path but 
rather related signal to the prevailing type of curve. On 
this basis, then, a transmission forecast for a 24-hour 
period involved the forecasting of prevailing M curves 
over the transmission path for appropriate time in- 
tervals. The length of these time intervals was deter- 
mined by the rapidity with which the weather factors 
affecting the M distribution were changing. Specific- 
ally, a 24-hour transmission forecast involved two 
M-curve forecasts plus forecasts of temperature and 
dew point trends. These forecasts were supplemented 
frequently with M-curve forecasts for times of mini- 
mum or maximum propagation conditions. These 
meteorological data could then be translated quali- 
tatively into values and trends of signal strength. This 
information was presented in the form of a graph of 
signal strength versus time. 


How the Forecast Is Made 


The forecast in general involves two determinations 
one, of the initial conditions of the air before it leaves 
land; and two, the modifications of the air by the 
water surface. A study of the synoptic situation and 
the low-level circulation reveals the location of the 
point where the air in question leaves the land. The 
synoptic situation shows the general flow pattern 
local winds from the surface to 2,000 ft indicate the 
specific pattern over the area under consideration. 

The initial temperature and moisture distributions 
are determined by studying the local hourly teletype 
sequences and radiosonde observations. The modifica- 
tion of the air is determined by considering the relation 
of the surface water temperature to the representa- 
tive air temperature and dew point, the over-water 
travel, and the rate of modification. 

Time forecasts were also made by the Army fore- 
casters. They involved straight meteorological fore- 
casts of the initial conditions to which were applied 
the space forecast technique just described. 

Ezample. This is a forecast made by the Weather 
Bureau. The synoptic weather map on the morning 
of July 26 indicated a rather weak flow of modified 


continental polar air moving in an easterly direction 


from the mainland of eastern Massachusetts out over 
the waters of Massachusetts Bay. The temperature of 
this air was potentially more than 21°C and under 
sunshine was developing surface temperatures near 
the shore line of more than 21 C by 0800. The fore- 
cast was for 1000 about 5 miles southeast of Hastern 
Point, Massachusetts. The temperature over land 
about a half-hour before this was expected to be about 
24 C, and the air flow as indicated by winds aloft was 
such as to allow the air warmed to about this figure 
to be out over this position within a half-hour. The 
lapse rate over land would be approaching the dry 


adiabatic by this time; so, as a guide, a lapse rate 
amounting to about 3C per 1,000 ft was projected 
to 1,000 ft starting from 24 C at the surface. A value 
for the sea water temperature of 17 C was predicted 
from recent observations made in the Bay. Using past 
experience, one then assumed a water modification up 
to about 300 ft, and the T curve was constructed 
starting from the surface value of 17 C, showing a 
sharp inversion at first and a gradual inversion until 
it met the guiding line representing the air from the 
land. The radio observation made at MIT about mid- 
night, July 25 to 26, was considered to be a fairly 
good check of the properties of the air mass involved. 
A surface temperature of between 21 and 22C was 
indicated. 

In forecasting the moisture curve, a value at the 
surface corresponding to the water temperature was 
made the base of the curve. Over-land dew points were 
initially predicted to be about 13.5 C, which would 
give a vapor pressure value of between 15 and 16 mb 
at the top of the water modification zone. An examina- 
tion of the raobs, both MIT and Portland, show mix- 
ing ratios of about 10.5 g per kg between 500 and 
1,000 ft, which corresponds to 15 or 16 mb. This makes 
a good check on the prevailing initial dew points. The 
raob at Albany indicated that air which was a little 
drier was moving in from the west so that a slight 
decrease in the vapor pressure was forecast between 500 
and 1,000 ft. (This part of the forecast did not prove 
to be correct, since, as the verification of the forecast 
in the figure shows, the moisture value remained 
fairly uniform from 400 up to 1,000 ft.) Another 
curve was drawn similar to the 7 curve to connect 
the surface vapor pressure value with that value at 
the top of the water modification zone, and from 
there to 1,000 ft a gradual decrease was forecast on 
the basis of the conclusions regarding the advection 
of a little dry air indicated by the midnight Albany 
sounding. 

The verification shown by the broken line in Fig- 
ure 1 turned out rather well in this instance. The 
computed and verified M curve proved to possess 
almost identical slopes throughout with the top of 
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the M inversion in both very close to 150 ft. This was 
one of the better forecasts. It can be seen that actual 
values of temperature and vapor pressure between 
forecast and verification might vary by several de- 
grees, but as long as they have the same slopes at the 
same elevation they will produce M curves reason- 
ably close to one another. 

Conclusions. It is felt that the method of forecast- 
ing used was a marked improvement over the tech- 
nique employed previously. It is potentially capable 
of dealing with the low-level modification problem 
in the case where the intial air is stratified as well as 
the one in which the initial air is homogeneous before 
it passes out to sea. 


RADAR PROPAGATION FORECASTING» 


This is a report of results obtained by an AAF 
board project investigating radar propagation fore- 
casting, which was started as two distinct programs in 
September 1944. The first part of the project was 
carried out at the Radiation Laboratory with facili- 
ties used by Group 42 during over-water transmission 
Measurements in the summer of that year. During 
that time, with the invaluable assistance of Group 42, 
a forecasting system was developed for the over-water 
case, the results of which are presented in previous 
text® These reports gave preliminary results of the 
MIT program and the recommended forecasting pro- 
cedures. The second part of the propagation forecast- 
ing program was set up at Orlando, Florida, to study 
particularly the over-land forecasting phase and to 
investigate some of the operational uses of such fore- 
casts. 

With this in mind, AAF Board Project H3767, 
“The Determination of the Practicability of Forecast- 
ing Meteorological Effects on‘ Radar Propagation,” 
was initiated late in 1945 with the following specific 
objectives : 

1. To determine the practicability of forecasting 
those low-level meteorological conditions which affect 
radar propagation. 

2. To determine the accuracy with which radar 
propagation forecasts can be made from the corre- 
sponding meteorological conditions. 

3. To determine the operational uses of such fore- 
casts. 

4. To determine the optimum meteorological ob- 
servation site with relation to the site of the radar 
employing the forecasts. 

5. To determine the suitability of available low- 
level sounding equipment. 

It was originally planned to study the over-land 
and over-water problems simultaneously, but because 
of the lack of a coastal radar site until the last month 
of the program the project was divided into two 


>By Lt. J. R. Gerhardt and Lt. W. E. Gordon, AAF Board. 
°Elaborated in references 1 to 3. 


phases: (1) the general study of the over-land prop- 
agation variations in an attempt to devise a suitable 
forecasting procedure and (2) an evaluation of the 
results obtained from both the over-water and over-land 
methods, with possible tactical applications under field 
conditions at the site of a powerful coastal radar. 

Figure 2 is a map of central Florida giving in de- 
tail specific facilities used throughout the project. 
Headquarters was established at the Weather Central, 
Orlando, where complete weather information, fore- 
casts, and analyses were available. The meteorological 
data used throughout the project consisted of surface 
and upper air observations for the general central 
Florida area. 

Detailed synoptic maps of Florida were drawn cov- 
ering periods of 6 hours each to determine wind 
patterns and representative land temperatures and 
dew points ; piballs* for Orlando, Sebring, and Tampa 
were plotted up to 2,000 ft to determine trajectories and 
wind speeds above surface levels, while the Orlando, 
Tampa, Tallahassee, and Jacksonville raobs were 
studied to correlate subsidence and radiation effects 
with radar propagation variations. : 

During the first phase of the project, sounding sta- 
tions were established at Leesburg and New Port 
Richey using both the Washington State College 
wired sonde and the MIT psychrograph. Radar data 
were taken from the S-band V beam and the P-band 
SCR-588 at Tomato Hill, only a few miles from the 
Leesburg sounding site, the SCR-584 at Winter Gar- 
den, and the P-band SCR-271 at Crystal River dur- 
ing their operating hours. The Tarpon Springs pro- 
gram employed a medium early warning and an SCR- 
615 radar, both on S band, located on the Gulf coast, 
and the Crystal River SCR-271 and Winter Garden 
SCR-584. The sounding station was located within 
a half mile of the Tarpon Springs radar site. During 
the entire program sea surface temperatures were 
measured several times weekly at either the Cedar 
Keys or Anclote Crash Boat bases out to a distance 
of about 20 miles at 2- to 4-mile intervals. 

Low-level soundings were made during the entire 
project primarily as an aid in interpreting radar per- 
formance and in determining representative air values 
and secondarily in an attempt to evaluate the opera- 
tional suitability of the available sounding equip- 
ment. Results of the latter portion of the work will 
be presented later in this report. Ground-based sound- 
ings were made by means of various combinations of 
350- and 700-g balloons, 7-ft Seyfang kites, and a 
small barrage balloon. 

The sounding stations were originally located so 
as to be as representative as possible of interior and 
coastal areas, although it was found later that, with- 
out the additional mobility of airborne measurements, 


4A small balloon with standard rate of rise released for 
tracking by a theodolite for estimation of upper-air winds. 
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Ficurs 2. Map of central Florida with locations of weather and radar installations used in Project 3767. 


individual ground-based soundings were likely to be 
too strongly influenced by local topographic effects to 
be completely reliable. Because of clearance require- 
ments, the ground-based soundings were restricted to 
600 ft, although it was determined that 1,000 ft would 
be a much safer limit, with occasional measurements 
up to 3,000 ft considered desirable. Soundings were 
taken before dawn at 1000 Eastern War Time, after 
sunset, and at 2300 EWT to obtain sufficient data on 
the effects of radiation and other meteorological phe- 
nomena. As far as specific sounding procedures are 
concerned, both the small balloons and kites gave 
satisfactory results, although for most of the wind 


speeds encountered in this area the Y-ft kite was too 
small for efficient operation. No limiting surface wind 
speed can be given as a dividing line between kite and 
balloon operation, since it has been found that occa- 
sionally even in surface calms strong velocity gradi- 
ents exist immediately above the surface layer. Al- 
though it is realized that a barrage balloon is not a 
standard item of equipment for sounding measure- 
ments, it is unreservedly recommended and whenever 
available should be used for simplicity and relia- 
bility of sounding procedure. 

The method employed in this project for the 
radar verification of superrefraction was to record 
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plan position indicator [PPI] scope appearance of 
ground clutter return. The oscilloscope screen was 
assuined segmented into eight 45° sectors, and the 
maximum range on a ground target in each sector was 
noted hourly during periods of operation. In an at- 
tempt at correlating the radar performance with the 
existing meteorological conditions, a classification 
system was devised in which each distinguishable 
propagation condition was assigned a single number. 
After collecting observations for some time from each 
unit the data were examined, and an average of the 
normal pattern was chosen as the standard, or class 
1, type of propagation. Averages of reported increased 
ranges in various sectors were calculated, while the 
azimuthal variations due to shadow effects of sur- 
rounding terrain, coast line and obstructions were 


Ficure 3A. Typical Class 1 pattern, P-band SCR-271, 
Crystal River. Grid squares are approximately 5 miles 
on a side. 


Ficure 3B. Typical Class 2 pattern, P-band SCR-271, 
Crystal River. 


Ficure 4A. Class 3 pattern, SCR-271, Crystal River. 
Coast line well painted in. 


Ficure 4B. Typical Class 4 pattern, SCR-271, Crystal 
River 


considered. The consistency with which various in- 
creased range averages were attained determined the 
number of classes of propagation assumed for each 
unit. On the assumption that the meteorologist could 
forecast and correlate M-curve types corresponding 
with four types of propagation, four such propaga- 
tion classes were chosen for the S-band V beam and 
the P-band SCR-271 at Crystal River. Figures 3 and 
4 show the four classes of propagation as defined for 
the SCR-271 at Crystal River. The class 4 picture 
definitely shows the Florida coast-line detail painted 
in. Observations from most of the other units, how- 
ever, were classed only as 1 (standard) and 2 (non- 
standard) propagation because of the radar shadows 
of certain topographical features near their sites. Due 
possibly to the peninsular situation of Florida, it was 


240 RADIO WAVE PROPAGATION EXPERIMENTS 


impracticable to forecast accurately four differenc 
classes of propagation, but forecasting on a basis of 
two classes, standard and nonstandard, can and 
should be done. 

During the first part of the over-land program an 
attempt was made to forecast the specific M curves 
as shown by the Leesburg and New Port Richey 
sounding stations and to correlate these curves with 
the two to four propagation classes outlined for each 
radar unit. However, because of the wide variation 
of surface terrain (sand, swamps, lakes, forests) in 
this general area, no single sounding was necessarily 
representative of the entire air mass, since subsid- 
ence and radiation effects almost certainly varied con- 
siderably over the different kinds of terrain surround- 
ing the sounding locations. On this basis, then, rather 
than attempting to forecast a hypothetical representa- 
tive M curve, a series of correlations was made relat- 
ing the general synoptic situation directly to the radar 
performance. Using this method, the actual over- 
land forecasting results showed that, while approxi- 
mately 80 to 85 per cent of the total operating hours 
could be correctly forecast as either standard or non- 
standard propagation periods, only some 50 per cent 
of the nonstandard hours could be forecast correctly. 
This is only a little better than climatology, and 
more work remains to be done on the over-land fore- 
casts of propagation variations. 

In addition ‘to the ground clutter verification of 
superrefraction, several low-level coverage flights were 
made from Leesburg to Crystal River and some 80 
miles out into the Gulf at an altitude of 100 ft, re- 
turning at 1,000 ft to check coverage above duct levels. 
Only a very few flights were made during periods of 
extended propagation, but during these periods, while 
interference from extended ground clutter prevented 
detection of the plane over land, extended ranges were 
recorded for the VHF (very high frequency) air-to- 
ground communication contact. 

In a further attempt to investigate some of the 
operational possibilities of trapping conditions at low 
and intermediate altitudes, measurements were taken 
of maximum ranges on the airborne X-band APQ/13 
radar during routine flights. However, as the ranges 
observed were very erratic, no conclusions could be 
drawn. In this respect it should be stated that while 
excellent cooperation was obtained in getting various 
radar and aircraft observations, the project had a 
low priority and as a consequence could not fully in- 
vestigate many of the more important operational 
possibilities which would have required extensive use 
of radar and aircraft facilities. 

The over-water forecasting program at Tarpon 
Springs was set up to compare the results of fore- 
casts made under field conditions of limited meteoro- 
logical data with those made using all available mete- 
orological information given in the forecasting sys- 


tem presented in reference 3. This system was based 
primarily on the over-water modification studies 
presented at the last conference, where duct height d 
was related to the wind speed at 1,000 ft, the distance 
of over-water travel, and the I deficit, which is the 
difference between the M value at some reference level, 
in this case the sea surface, and the M value of the 
unmodified air reduced to sea level. In general, no 
attempt was made to forecast the specific lapse rates 
and M curves corresponding to the current meteoro- 
logical situation. With uniform weather conditions 
existing over water, there was assumed a 100 per cent 
correlation betwen the M curve and the corresponding 
radar performance, so that it was merely necessary 
to determine the representative d and AM of the air 
mass to obtain the complete propagation forecast. 

As it was impracticable to establish a permanent 
target in the Gulf of Mexico beyond the radar hori- 
zon, the existence of superrefraction was generally 
assumed when there was extended appearance of 
coast-line clutter. It is realized that such an effect 
may not be representative of open water conditions 
because of the possibility of local sea breezes giving 
rise to the necessary temperature and moisture gradi- 
ents for trapping. However, on this basis, 18 out of 
20 forecasts correctly verified the presence or absence 
of extended coast-line clutter to within 1 to 2 hours 
of the total duration. With extended echoes existing 
during 55 per cent of the test days over the coastline, 
this accuracy is considerably greater than could be 
arrived at by any purely statistical procedure. It 
should be stated here that these forecasts proved to 
be particularly valuable to the radar personnel, since 
certain. engineering tests in progress on the radars 
made an accurate evaluation of the effects of super- 
refraction on the radar set performance necessary 
during the calibration flights. 

As an additional check on the existence of super- 
refraction over water, forecasts were made of the 
ranges for S-band radars and VHF communication 
on low-level coverage flights into the Gulf. Of a total 
of ten flights, six were made during periods of ex- 
tended coast-line return, three of which were cor- 
rectly forecast as giving superrefraction on S-band 
radar and two as giving increased ranges on VHF 
communication. Although this is not so accurate as 
the forecast of surface effects, a large error may have 
been introduced by the fact that the forecasted duct 
heights were of the same order of magnitude as the 
lowest levels attained by the plane in its flight over 
the Gulf. All the over-water flights showed normal 
horizon ranges at 1,000- to 3,000-ft levels on the re- 
turn legs. 

In another attempt to determine the vertical cov- 
erage patterns resulting from low-level nonstandard 
propagation, several free balloon flights were made. 
Standard weather service reflectors were attached to 
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the balloons, which were released from Army crash 
boats at distances of 20 and 60 miles from the coast. 
Possibly because of lack of radar efficiency, only the 
balloons released at 20 miles were picked up by the 
coastal radar. Although no nonstandard conditions 
were observed during the releases, the method seems 
suitable for making vertical coverage measurements. 

Radar and weather data for the period January 1 
to March 15 were tabulated and analyzed during the 
month of March. The primary data consisted of S- 
band radar reports from Winter Garden and Lees- 
burg and low-level soundings from Leesburg, sup- 
plemented by the synoptic charts and radiosonde ob- 
servations supplied by the 26th Weather Region. 

The analysis resulted not in a system of forecasting 
such as that developed for over-water use but rather 
in a series of clues to be used as an aid to over-land 
forecasting in Florida. Since the clues are closely 
related to the topography and peninsular situation 
of Florida and to the season of the year, they are not 
directly applicable to other locations in their present 
form. However, they suggest that investigation of 
these points at other locations would quickly yield 
useful correlations. Some examples of these relations 
follow. 


1. Of the 600 ft low-level sounding standard curves, 
90 per cent gave standard ranges. 

2. During early morning hours: 

a. Surface winds of 10 mph or more produced 
standard propagation always; winds of 5 to 9 
mph produced superrefraction 20 per cent of 
the time; 2 to + mph showed superrefraction 
60 per cent of the time; and calm winds pro- 
duced superrefraction almost always. 

b. Similarly, the 1,000-ft winds of 30 mph or 
more produced standard, while 1,000-ft winds 
of 10 mph or less almost always produced 
ssuperrefraction. 

e. Superrefraction occurred with clear skies ex- 
cept on two occasions, one with broken high 
clouds, the other with broken middle clouds, 
never with low clouds. 

d. High-pressure centers within 700 miles and with 
gradients of 1 mb per 100 miles or less pro- 
duced superrefraction. 

e. Ground fog patches were observed during pe- 
riods of class 4 propagation, with two excep- 
tions. 

3. Simple surface ducts of 70 ft and AM,, (refer- 
ence level 50 ft) of 4 or more and elevated S curves 
with ducts above 200 ft and AM,, of 6 or more pro- 
duced class 3 or 4 propagation with possibly one ex- 
ception. 

4, Large AM’s observed by radiosonde between 
1,000 and 3,000 ft showed no correlation with S-band 
propagation but did show fair correlation with super- 
refraction on P band. Superrefraction on both S and 
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Figure 5. SCR-588, Leesburg, night of March 5 to 6, 
1945. 


P band showed good correlation with large AM’s ob- 
served below 1,000 ft. 

5. The height of the temperature inversion in- 
creased with increasing 1,000 ft wind speeds up to 
10 or 12 mph, then decreased slowly with further in- 
crease in wind. 

6. Substandard propagation conditions were never 
observed over land, either on the radar or the sound- 
ings. 

A series of low-level soundings taken at hourly in 
tervals throughout the night were related to corre. 
sponding radar ranges. The soundings were made at 
Leesburg; the radar data were taken at Tomato Hill 
(2 miles west of the sounding site) and at Winter 
Garden (25 miles southeast of the sounding site). 

The general weather situation for the night of 
March 5 to 6 shows maritime tropical air pouring up 
over Florida around the western end of the Bermuda 
high, giving clear skies and southerly winds of 10 mph 
at 1,000 ft and 2,000 ft at 2000 EWT,° increasing to 
20 and 25 mph respectively by midnight, and to 23 
and 35 mph by 0400. Figure 5 shows the PPI scopes 
of the P-band SCR-588. The arrows point north; the 
small grid squares are 5 miles on a side. Before mid- 
night, propagation was standard, as illustrated by the 
0400 frame. The ranges built up rapidly, reaching 65 
miles and decreased slowly between midnight and 
0400. (Radar shadows of surrounding topographical 
features account for the uneven distribution of range 
increase. ) 

Figure 6 shows the progression on the S-band SCR- 
584. The bold line points north, the range markers are 
at 10,000-yd intervals. (The sounding site is roughly 
315° at 45,000 yd.) From 1900 to 2200 propagation 

All times to follow are Eastern War Time. 
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TasLe 1. Radar-weather tabulation, March 5-6. 


Time (EWT) 

19 20 21 22 23 00 01 02 03 04 05 06 07 
SCR-584 ground range* (S-band) 1 2 2 1 1 1 2 2 2 1 1 1 il 
SCR-588 ground range (P-band) ie Be 1 aye te 2 2 3 2 1 1 1 1 
M-curve typet tS) D D 06 Se L G L L Ss Ta Ss Ss 
Duct height (ft) .. 200 200 Bb .. 3870 350 380 400 -. 450 

: 14 14 ae as 14 14 14 11 ae 6 as iS 
ane wind (mph) 5 4 4 O0 o0 0 1 3 5 6 6 5 7 


*Ground range: 1, standard; 2, 3, 4, degrees of superrefraction. 
{M-curve types: 8, standard; D, duct (simple surface trapping); G, ground-based S curve; L, elevated S curve; T,, transitional aloft. 


mately constant from midnight to 0200, after which 
the curve gradually appreached standard. 

Table 1 summarizes the weather and radar varia- 
tions. It should be pointed out that the antenna height 
for the P-band SCR-588 was 140 ft above the sound- 
ing site, for the S-band SCR-584 the same height as 
the sounding site. Thus at 2100 we have a 200-ft sur- 
face duct trapping the SCR-584, but not trapping the 
SCR-588 (duct height 60 ft above the antenna), while 
from midnight to 0300 an elevated duct of the order 
of 380 ft traps both sets (duct height some 250 ft 
above the SCR-588 antenna). By 0400 the winds 
became strong enough to wipe out the stratified layers 
and mix the air, giving standard conditions. At 0500 
a trace of a transitional condition aloft appears in the 
sounding but is not sufficient to extend the range. 

During the months of January and February data 
were collected on S-band V beam at Tomato Hill 
during 47 days. Of these days’ observations 37 per cent 
showed nonstandard conditions. During the same pe- 
riod the SCR-271 at Crystal River showed at least 
slight increases in ranges on 72 per cent of the days’ 
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Ficure 6. SCR-584, Winter Garden, night of March 5 
to 6, 1945. Superstandard propagation occurs to the 
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went from standard to above standard and returned to 
standard. After midnight ranges built up rapidly and 
held until after 0300, when they began a gradual re- 
turn to standard, reaching that condition shortly after 
0400. 

The M curve measured at 1900 was standard, fol- 
lowed by those illustrated in Figure 7. Unfortunately, 
no soundings were taken between 2035 and 0008, and 
consequently the evolution of the elevated S from the 
surface duct is not shown. We know that the surface 
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night, while the 1,000-ft wind increased from 10 to Ficure 7. M curves for night of March 5 to 6, 1945, 
20 mph. The duct height and AM value were approxi- based on soundings at Leesburg AAF. 
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observations which were recorded, although only 17 
per cent attained the strength of class 3, 

The longest ground range observed on the S-band 
set at Tomato Hill was 200 miles on the morning of 
January 25, while the longest ground range observed 
on the SCR-271 at Crystal River was 140 miles on the 
morning of February 17. Both these ranges were the 
Imaximum permitted by the radar presentation. 

During the month of April at Tarpon Springs, 65 
per cent of 24 days’ observations showed nonstandard 
conditions, with 46 per cent giving surface return at. 
greater than 80 miles, indicating strong superrefrac- 
tion. The longest range recorded was the coast-line 
effect out to 220 miles. 

To determine suitable low-level airborne sounding 
equipment, the psychrometer equipment ML-313/AM, 
the WSC wired sonde, and sling psychrometer. ML- 
24A were mounted in aircraft L-4 (cruising speed 55 
mph) and compared with the MIT psychrograph car- 
ried by a barrage balloon. 

From considerations of the forecasting method an 
accuracy of +0.2 C in wet and dry bulb temperatures 
and a lag coefficient less than 45 sec are desirable. The 
accuracy of the MIT psychrograph is +0.2 C in tem- 
peratures, with a lag coefficient of the order of 15 sec. 

These data were gathered during hours of daylight 
and are spread rather evenly between 0900 and 1700. 
The MIT psychrograph was held at a fixed point in 
space where a conservative estimate of the fluctuations 
of temperature was 0.3 C. The airborne instruments 
integrate the measurements for a given level, hence a 
spread in the data is reasonably indicated and the 
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Ficure 8. Instrument comparison. MIT psychrograph 
and psychrometer ML 313/AM on Aircraft L-4. 


statistical value of sigma may be considered represen- 
tative of the accuracy of the test instrument. 

The procedure for each test instrument involved 
making five to ten regular low-level soundings supple- 
mented by a series of passes at a fixed level. Necessary 
ground checks were carefully made using forced ven- 
tilation, and standard corrections for airborne instru- 
ments were applied. 

Psychrometer equipment ML-313/AM, consisting 
of a wet and dry bulb thermometer in a streamline 
housing, was mounted as far back in the cabin of the 
L-4 as was practical. Since the -4 is a single engine 
plane it was expected that the engine heat and propel- 
lor blast would influence the readings. The data are 
as follows: 


Dry bulb 
Number of pairs of readings: 174 
Average difference: — 0.06 C 
67% of the points agree to within 0.20 C 
Wet bulb 
Number of pairs of readings: 156 
Average difference: + 0.08 C 
67% of the points agree to within 0.14 C 


The ML-313 was, in addition, mounted on aircraft 
L-5 (single-engined, cruising speed 100 mph). The 
data are similar to those given above. The data indicate 
that, despite the expected influences of propeller blast 
and engine heat, the equipment is suitable for low- 
level soundings for propagation work. 

The WSC wired sonde was mounted on the strut 
of the L-4 some 5 ft away from the cabin of the 
plane. The comparison data follow: 


Dry bulb 
Number of pairs of readings: 140 
Average difference: + 0.10 C 
67% of the points agree to within 0.30 C 


Vapor pressure 

Number of pairs of readings: 140 

Average difference: + 0.06 mb 

67% of the points agree to within 0.98 mb 

The differences in moisture readings are rather 
larger than desirable. 

The sling psychrometer ML-24A was tested sim- 
ilarly but was considered unsuitable because of lack of 
protection from radiation. 

Of the ground-based sounding equipment used dur- 
ing the program, the MIT psychrograph consistently 
gave excellent results. The WSC wired sonde is capable 
of good results, but several mechanical difficulties 
render it unsuitable for field use by the services in its 
present form. 1t 1s expected that these difficulties will 
be ironed out in a revision of the wired sonde. 

The following statements are the personal opinions 
of the authors and do not represent the official opinion 
of the Army Air Forces Board. 

1. There is a military need for a propagation fore- 
casting service. If a radar set is to be used most effi- 
ciently, its full capabilities and limitations (including 
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Ticure 9. Instrument comparison. MIT psychrograph and WSC wired sonde on Aircraft L-4. 


the effects of weather) must be known. 

2. Propagation forecasts over water using the 
method described in reference 3 are sufficiently 
accurate for operational purposes. It is recommended 
that further experimental study of long over-water 
propagation and vertical coverage be carried on. 

3. Propagation forecasts over land are not suffi- 
ciently accurate for operation uses. Further study of 
the over-land forecasting problem is indicated. 

4. For maximum operational employment of the 
forecasts, the forecaster should be located at the radar 
site. Communication with a class A weather station, 
a ground-based low-level sounding station at the radar 
site, and supplementary airborne soundings are re- 
quired. : 

5. Psychrometer equipment MI-313/AM mounted 
on a slow, single-engined aircraft is suitable for low- 
level airborne soundings for propagation forecasting 
work. 


APPLICATION OF FORECASTING 
TECHNIQUES AND CLIMATOLOGY‘ 


MAtTErtaAL Coverep 


Radio-Meteorology. Since most of the basic infor- 
mation which has been obtained by various research 


‘By A. T. Waterman, Jr., and C. Harrison Dwight, Colum- 
bia University Wave Propagation Group. 


groups and in military and naval operations involving 
radar is familiar to the reader or is adequately covered 
in other reports,*” the essential points with reference 
to the effect of meteorological factors have been ex- 
tracted and are here presented in condensed form. The 
primary emphasis is on the phenomena associated with 
nonstandard propagation, i.e., on the conditions under 
which radar ranges are unusually large or unusually 
small. Related elements—temperature, humidity, the 
variation of each of these with height, M curves, 
ducts, ete.—are defined, and the role they play in the 
effectiveness of radar performance is discussed briefly. 

Specific Relationships between Meteorological Hle- 
ments and Radar Performance. Of the several investi- 
gations carried out on this subject, mostly in connce- 
tion with the prediction of trapping effects and consc- 
quently of radar ranges, one which has met with as 
much success as any and is fairly similar in essence 
to some of the others is presented here. It was devel- 
oped in a study of the modification that air undergoes 
in passing over water and is designed to predict the 
formation and subsequent structure of surface ducts 
which are formed along coast lines and over oceanic 
areas. 

From observations of the representative surface 
temperature and humidity of the air, the sea tempera- 
ture, and the wind direction and velocity, this method 
indicates whether a surface duct is to be expected and 
the height to which it is likely to extend. Practical 
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application of the method can therefore be of direot 
assistance in anticipating radar performance for short 
periods in advance or for regions where detailed mete- 
orological observations may be limited. Enough par- 
ticulars, together with charts and nomograms, are 
given to enable one with meteorological training to 
apply these prediction techniques and thus facilitate 
daily or hourly adjustments to make optimum use of 
radar equipment. 

Computed Climatological Information on Surface 
Ducts. To obtain a broad picture of the variation in 
radio and radar ranges likely to be encountered in the 
western Pacific region, average duct widths (height 
from the base to the top of the duct) have been com- 
puted. These computations are based on the relation- 
ships between meteorological elements and radar per- 
formance mentioned above and utilize climatological 
data consisting of monthly averages of air tempera- 
ture, humidity and sea temperature, and monthly 
frequencies of winds with specified direction and 
speed. 

The area covered: includes the Japanese islands, the 
coasts of Korea, Manchuria, and China, the northern 
Philippines, the Marianas, the Bonins, and the Ryukyu 
Islands—approximately 10° to 50°N latitude and 120° 
to 150° E longitude. The computations indicate the 
percentage of time surface ducts of various widths may 
be expected at different times of the year and at dif- 
ferent locations within the region. This information is 
summarized in tabular form. The results are not in- 
tended to represent an accurately detailed picture but 
do give a sufficiently close approximation of average 
conditions influencing certain aspects of radio and 
radar performance so that they may be used as a 
guide in long-term operational planning. 


Radio-Meteorology 
Evipencrs or NonsTaNDARD PRoPaGATION 


Since the start of the war, cases of very long radio 
ranges and radar coverages, together with extreme 
variations of these quantities, have become well known 
to personnel working at microwave frequencies. Such 
phenomena, when due to influences acting on the 
propagated electromagnetic waves and not to freak 
behavior in set performance, have been classed under 
the term nonstandard propagation. It has been found 
that nonstandard propagation (such as is illustrated 
by the behavior of microwaves when they are con- 
strained to follow a path of such curvature that the 
Tays remain close to the surface of the earth and hence 
reach otherwise inaccessible targets—a phenomenon 
frequently referred to as trapping) is directly associ- 
ated with certain conditions that occur in the lower 
levels of the atmosphere (normally below 5,000 ft) 
which have been given the name of ducts. Detailed 
analyses of the structure of ducts have been presented 


adequately in the previously mentioned reports. Hence 
the paragraphs immediately following give only a brief 
and somewhat simplified description of the meteor- 
ological elements associated with ducts. 


METEOROLOGICAL ConpiTIONS AssocIATED 
witH Ducts 

Remarks on Pressure, Temperature, and Humidity. 
The meteorological situations in which trapping of 
microwaves occurs involve certain types of stratifica- 
tion in the lower levels of the atmosphere. The amount 
of stratification is dependent on the vertical distribu- 
tions of pressure, temperature, and humidity. 

Although the atmospheric pressure at any particular 
elevation and, to a lesser extent, the rate at which 
pressure decreases with altitude may vary from one 
time to another, these variations are relatively unim- 
portant as far as their direct influence on propagation 
is concerned and so-may be neglected in practical 
considerations. 

On the other hand, temperature and its change with 
altitude do have an immediate bearing on duct forma- 
tion. Under more or less average conditions through- 
out the troposphere, the temperature decreases with 
increasing altitude and the term “temperature lapse 
rate” is defined as the rate of decrease of temperature 
with height (and consequently is usually expressed in 
degrees Fahrenheit per 1,000 ft or degrees centigrade 
per kilometer). For reference purposes a “standard” 
lapse rate has been taken as 3.47 EF ner 1.000 ft. 
(Further details of the National Advisory Committee 
on Aeronautics standard atmosphere are given in 
the Appendix on page 258.) Under certain conditions 
the temperature throughout a layer of the atmosphere 
may increase with height, in which case a temperature 
inversion (Figure 10) is said to exist. 


ty) 


ELEVATED TEMPERATURE 
INVERSION 


ELEVATION ————> 


GROUND 


TEMPERATURE 
INVERSION 


TEMPERATURE —————-> 


Ficure 10. Vertical variation of temperature showing 
@ ground inversion EF and an elevated inversion BC. 
The slopes of the portions FG, AB, and CD denote 
standard conditions, a decrease of temperature with 
elevation. 
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In general the lapse rate of temperature is im- 
portant in meteorology because of its relationship to 
the vertical stability of the atmosphere, that ig, to the 
feasibility with which vertical air currents can de- 
velop. It turns out that, except within clouds or regions 
of active precipitation, the stability conditions can be 
closely evaluated from a knowledge of the actual lapse 
rate relative to the “dry adiabatic” lapse rate (approxi- 
mately 5.5 F per 1,000 ft). If the actual lapse rate is 
larger than the dry adiabatic, i.e., if the temperature 
decreases at a rate greater than 5.5 F per 1,000 ft in 
elevation, any vertical currents which develop will 
tend to exaggerate in intensity, and a condition of 
unstable equilibrium (Figure 11A) will exist. Con- 
versely, if the actual lapse rate is less than the dry 
adiabatic or, especially, if a temperature inversion is 
present, the development of vertical currents will be 
hindered and the air will tend to become horizontally 
stratified. This is the case of stable equilibrium (Fig- 
ure 110). The in-between case, in which the actual 
temperature lapse rate is the same as the dry adiabatic, 
is that of neutral equilibrium (Figure 11B). 


DRY ADIABATIC 


TEMPERATURE ——— 


Ficure 11. Temperature-height curves for the cases of 
(A) unstable air, (B) neutral air, and (C) stable air. The 
dry adiabatic (lapse rate).is indicated for comparison. 


In addition to the direct relationship which these 
stability conditions bear toward the trapping of 
microwaves, which will be described presently, there is 
also an indirect relationship caused by the modifica- 
tion that air undergoes when it moves over a sea or 
land surface with properties (temperature and mois- 
ture) different from those of the air itself. For ex- 


ample, air moving over land, the temperature of which — 


is higher than that of the air, will be heated in its 
lowest layers by contact with the ground and thus 
tend to become unstable. This leads to vertical cur- 
rents which will carry the modifying influences to 
appreciable heights in the air. On the other hand, air 
moving over a surface cool in relation to the air will 
be cooled by contact with the ground, tend to develop 
stable characteristics, damp out vertical currents, and 
so confine the modifying influences to very low layers. 

The distribution of moisture with altitude, in its 


direct influence on nonstandard propagation, has an 
even more pronounced effect than that of temperature. 
As a means of describing the moisture content of the 
air, any one of several concepts may be used: dew 
point, wet bulb temperature, relative humidity, ab- 
solute humidity, specific hnmidity, and mixing ratio, 
all of which are defined on pp 258-259. Except when 
evaporation or condensation is taking place (as in the 
case of clouds, rain, dew, etc.), the moisture content 
of the air has little effect on the temperature structure 
and therefore is not a major influence on stability 
conditions in so far as they are connected with the for- 
mation of ducts. What is of direct importance is the 
vertical distribution of humidity itself and the man- 
ner in which this distribution is affected by modifying 
influences. As an example of the latter, the case of 
warm and relatively dry air moving over a humid 
surface, such as dense vegetation or the ocean, might 
be mentioned. In this case, evaporation of water into 
the lower layers of the air leads to a greater decrease 
in moisture with altitude than was originally present 
in the air. 

Other modifying influences, of course, affect both the 
vertical distribution of temperature and humidity and 
the stability conditions of the air. Some of these are 
subsidence (the gradual sinking of large layers of 
air leading to increased stability and decreased rela- 
tive moisture content), radiation, and turbulent mix- 
ing. These are merely mentioned here in view of the 
fact that their various interactions at times may be- 
come quite complicated, hence requiring that proper 
interpretation be made by one trained or experienced 
in meteorology. 

Refractive Index. The manner in which pressure, 
temperature, and humidity directly influence trapping 
depends on the phenomenon of refraction or the bend- 
ing of rays as they pass through media with different 
dielectric properties or through a medium with vari- 
able dielectric properties. The velocity of electromag- 
netic waves through any particular medium such as 
the air depends on a quantity known as the refractive 
index of that medium. When the refractive index 
varies throughout the medium, as is usually the case 
in the atmosphere, the resulting variation in wave 
velocity leads to a bending of the rays. For example, 
the refractive index of the atmosphere often decreases 
with height, in which case rays are bent downward 
toward the surface of the earth, so that instead of 
traveling in straight lines they tend to follow to a cer- 
tain extent the curvature of the earth. The amount 
of bending depends on the manner in which the refrac- 
tive index varies with height. Under the proper con- 
ditions it is possible for rays to be bent to such a de- 
gree that they are confined to one layer of the atmos- 
phere. This phenomenon, the trapping of radio waves, 
is usually associated with only the microwave fre- 
quencies and is limited fo those rays which leave the 
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transmitter at an angle with the horizontal of less than 
1 degree, and therefore to only the lowest lobe in a 
radar coverage diagram. 

For the atmospheric refraction to be strong enough 
to cause trapping of microwaves it is necessary that 
the refractive index of the atmosphere decrease with 
altitude at a sufficiently rapid rate. For convenience 
in dealing with problems of nonstandard propagation, 
a quantity known as the modified refractive index has 
been defined and is usually denoted by the letter M. 
It depends on pressure, temperature, humidity, and 
height and can be readily calculated from the proper 
nomograms® or from tables,® or directly from the 
formula.® 

When values of M are computed for various eleva- 
tions from measurements of the pressure, temperature, 
and humidity at those elevations, a graph can be made 
of the value of M plotted against height. This M curve 
gives directly a graphical representation of the struc- 
ture of the atmosphere with reference to the existence 
of ducts. A decrease of M with elevation is called an 
M inversion, since under standard conditions M in- 
ereases with altitude, and indicates the existence of a 
duct. This, then, is the criterion for the meteorological 
conditions necessary for the trapping of radio waves. 
The top of the duct is taken to be that level at which 
M reaches a minimum (as in Figure 15) and the base 
of the duct the level at which a vertical projection from 
the value of M at the top of the duct intersects the 
lower portion of the M curve (as in Figure 16) or the 
ground (as in Figure 17). The term “duct width” is 
used to refer to the thickness of the duct, i.e., the ver- 
tical distance between the top and the base. 

The vertical distribution (a) of temperature and 
(b) of humidity may each contribute to the formation 
of an M inversion, in the following ways. 

1. A strong temperature inversion tends to lead 
to duct formation. 

2. A rapid decrease of humidity with altitude tends 
to lead to duct formation. 

If the first of these is predominant the duct is said 
to be dry, and if the latter is predominant the duct is 
said to be wet. Often both factors are operative to- 
gether; that is, in the M inversion there is both an 
increase in temperature with altitude and a decrease 
in humidity with altitude, the duct being more sen- 
sitive to the effect of the humidity distribution than to 
that of the temperature distribution. 

Types of M Curves. For purposes of clarification, 
the various types of M curves that may exist can be 
classified as follows: 

1. Standard type (Figure 12). In a standard atmos- 
phere M increases linearly with altitude at a rate of 
3.6 M units per 100 ft (0.118 M unit per m). Radio 
and radar waves are bent slightly downward, the paths 
of the rays actually having a radius of curvature about 
four times that of the earth; but no trapping occurs. 


Standard conditions, in their effect on propagation, 
hardly differ at all from those of neutral and unstable 
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Ficure 12. Standard type of M curve. 
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equilibrium (except in special cases as mentioned 
later) and so are frequently found in well-mixed air, 
as is likely to occur on sunny afternoons and in areas 
of turbulence. 

2. Transitional type (Figure 13). In the lower 
levels M is constant witl elevation. Correspondingly, 
rays are bent downward more than in the standard case 
but not so strongly as in a duct, ie., the rays are not 
actually trapped. Being literally a transitional case, 
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Figure 13. Transitional type of M curve. 


this type of M curve is likely to occur during the 
formation or dissolution of a duct, or when the mete- 
orological factors tending to cause a duct are incom- 
pletely operative. The M deficit (AM, given on pages 
249-251), is indicated in the figure. 

3. Substandard type (Figure 14). In the lower levels 
M increases more than 3.6 M units per 100 ft, which 
corresponds to rays being bent downward only very 
slightly or, in some cases, actually upward from the 
line of sight, thus giving shorter maximum ranges on 
surface and low-flying targets. There is no trapping. 
Depending to some extent upon the elevation of the 
transmitter, the field strength in the substandard 
region may be reduced considerably below normal, even 
to the point of producing radar and communication 
“blackout.” The M deficit is negative with this type 
of curve. Associated meteorological conditions are 
usually those in which warm, moist air passes over a 
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Figure 14. Substandard type of M curve. 
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relatively cool land or sea surface, quite frequently in 
connection with the formation of surface fog. 

4, Simple surface trapping (Figure 15). The M 
curve has a negative slope in the inversion layer which 
comes down to the land or water surface. The duct is 
of the ground-based type, and its width is the height 
of the upper boundary of the inversion layer. Rays 
which are propagated at an angle of 1 degree or less 
with the horizontal may be trapped within the duct. 
As a consequence, radio and radar ranges may be 
exceedingly large. Simple surface trapping occurs 
quite frequently over the oceans—particularly where 
warm, dry air from over land flows out over a cooler 
sea surface—along coast lines with an afternoon sea 
breeze, and occasionally over land with radiational 
cooling at night. 
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Ficure 15. Simple surface trapping. 


5. Elevated S-shaped type (Figure 16). The inver- 
sion layer has a width given by the difference in eleva- 
tion of the end points of the negative portion of the 
M curve, but the width of the duct extends downward 
to the level where the vertical projection of the upper 
minimum of the M curve intersects the latter. Trap- 
ping occurs when the transmitter is at an elevation 
which places it within (or close to) the duct and is 
most pronounced when the transmitter is at the eleva- 
tion of the base of the M inversion. This type of duct 
may be brought about by subsidence or as the result 
of a Fohn wind blowing off shore from mountains 


paralleling a coast. Examples of elevated S-shaped M 
curves are observed off the southern California coast 
and off the east coasts of Japan and New Guinea (see 
page 256-258). 


Ficure 16. Elevated S-shaped type. 


6. Ground-based S-shaped type (Figure 17). When 
the conditions which could produce type 5 (Figure 16) 
exist down to the surface of the earth or to the sea, 
this type of duct may occur. It usually has a width 
considerably greater than that found in the simple 
trapping case (type 4, Figure 15). 

That it is possible for ducts of two types to occur 
simultaneously has been shown from observations off 


Fiacure 17. Ground-based S-shaped type. 


the east coast of New Guinea when a Fohn wind flows 
out over a sea breeze, the latter producing simple sur- 
face trapping (Figure 18). (See pp. 256-258.) 

Factors Affecting the Extent of Trapping. The prin- 
cipal factors which determine the extent of trapping 
are: 


—_—__S 


Fiaurn 18. Combination of types 4 and 5. (See Figures 
15 and 16.) 
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1. The amount by which J/ decreases through the 
M inversion. 

2. The duct width, for the wider the duet the 
more energy will be trapped. 

3. The elevation of the transmitter with respect to 
the duct, the trapping being most complete when the 
transmitter is at the base of the M inversion. 

4, The angle at which the rays are propagated from 
the transmitter; the smaller the angle made with the 
top of the duet, the greater the range. 

5. The frequency of the propagated waves; in 
general, the higher the frequency, the greater the 
extent of trapping. 


Specific Relationships Between 
Meteorological Elements and 
Radar Performance 


ResearncH ON Forrcastine or Rapio 
AND Rapar RANGES 


Army Air Force Board Project. Realizing the im- 
portant and direct effects of temperature and humidity 
distributions on microwave propagation, several proj- 
ects have been undertaken in the attempt to develop 
a systematic method of forecasting the meteorological 
conditions leading to nonstandard propagation. Of 
these methods, one which has met with a considerable 
degree of success is described below. The methodology, 
developed by the Army Air Force Board working in 
conjunction with the Radiation Laboratory at MIT,? 
is designed to predict the formation of surface ducts 
over water. Its fundamental concepts are quite similar 
to those used in other methods of radio and radar 
forecasting.*° 

General Procedure. In essence the method consists 
of an analysis of the modification that air undergoes 
in the lower 1,000 ft as it moves from a large land mass 
out over the ocean. The study was carried out in the 
vicinity of Cape Cod, but indications are that the 
numerical factors entering into the procedure are 
much more generally applicable. In the modification 
of the air moving over the sea, the following assump- 
tions are made. 

1. The air initially (before moving off the land 
mass) is well mixed, i.e., it exhibits conditions close 
to neutral equilibrium (see Figure 11). 

2. The stability conditions of the air as it moves out 
over water are determined by its initial temperature 
(over land) relative to that of the sea surface. 

3. The modified air at the sea surface acquires the 
same temperature as the sea. 

4. In the modified air at the sea surface the mois- 
ture content becomes that corresponding to satura- 
tion at the sea surface temperature, except for a cor- 
rection owing to the salinity of the sea. 

5. The resulting M curve is determined by the 


quantities : 

a. Temperature excess.* 

b. M deficit.® 

e. Wind speed and direction. 

d. Distance of over-sea travel (in some cases). 

Thus the method attempts to relate duct formation 
to a limited number of easily determined meteoro- 
logical factors. It involves a simplified consideration 
of the upward diffusion of heat and moisture. It turns 
out, however, that the simplified assumptions yield 
results which in practical application are of sufficient 
accuracy to be of definite use in forecasting the ex- 
istence of nonstandard conditions. It should also be 
mentioned that, although the method is designed 
primarily for situations in which air over land moves 
out over the sea, it can also be satisfactorily applied 
to situations in which the air has a purely over-sea 
trajectory. 
The particular steps to be taken in carrying out the 

procedure follow. 


Metuop or DetermMiIninc Duct WiptH 


Observation of Initial Conditions. The necessary 
meteorological measurements to be taken should be 
as representative as possible, i.e., uninfluenced by 
purely local effects. Measurements are: 

1. Surface air temperature (of the unmodified air 
over land, in the case of air moving off a land mass) ; 

2. Surface air humidity (also of the unmodified 
air which can be expressed in terms of relative humid- 
ity, specific humidity, dew point, wet bulb tempera- 
ture, or vapor pressure) ; 

3. Sea surface temperature; 

4, Wind speed and direction (preferably at 1,000 ft- 
elevation) ; and sometimes 

5. Distance from land (of primary importance only 
in the case of stability conditions, when the air is 
warmer than the sea surface). ; 

All these data may, of course, be profitably supple- 
mented by aerological soundings, weather maps, and 
any other pertinent information available. 

Modification of Air by Sea Surface. As a qualitative 
description of the modification that the air undergoes 
in moving over water, three cases may be distinguished : 

1. Neutral equilibrium (resulting when the initial 
surface air temperature is the same as the sea temper- 
ature). The temperature structure of the air remains 
unchanged ; however, since the air is usually not com- 
pletely saturated, moisture is supplied to the lower 
layers by evaporation from the sea surface, in this way 
causing a greater decrease of humidity with height, 
which tends to establish an M distribution such that 
the modified refractive index is either constant or 
decreasing with height. In the case in which the air 
is initially completely saturated no modification takes 
place. 


®These terms are defined on page 250. 
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2. Unstable equilibrium (resulting when the initial 
surface air temperature is less than the sea surface 
temperature). In this case the moisture content of the 
air is always less than that corresponding to satura- 
tion at the sea surface temperature, so that the lower 
layers of air suffer an increase in humidity as well as 
in temperature. Owing to the greater sensitivity of 
M to humidity than to temperature this tends to bring 
about a decrease of M with height in a layer of air 
adjacent to the sea surface, while the unstable condi- 
tions give rise to vertical mixing which keeps the M 
distribution close to standard above this layer so that 
the duct is confined to lower levels than in the case of 
neutral equilibrium. 

3. Stable equilibriwm (resulting when the initial 
surface air temperature is greater than the sea sur- 
face temperature). If, in addition, the air is initially 
quite dry, ie., has a moisture content less than that 
corresponding to saturation at the sea surface tempera- 
ture, then the resulting rapid decrease of moisture with 
height plus the stable temperature distribution leads 
to a tendency to surface duct formation. On the other 
hand, if the initial moisture content of the air is rela- 
tively large, moisture may be condensed out of the 
surface layers of air thus tending to give rise to’ an 
increase in humidity with elevation which when suffi- 
ciently marked may counteract the effect of the stable 
temperature distribution and so prevent the forma- 
tion of a duct or even produce substandard conditions. 
‘In either case, the stable structure of the air tends to 
hinder vertical mixing so that modification from the 
surface upward proceeds slowly and hence is highly 
dependent on the distance traveled by the air over 
the water. 

Necessary Calculations. To determine quantitatively 
the possibilities of duct formation, the following items 
can be readily calculated from any particular observed 
set of initial conditions. 

1. Temperature excess, which is merely the repre- 
sentative surface air temperature (before modifica- 
tion) minus the sea surface temperature. 

2. M deficit, defined as the value of M correspond- 
ing to the sea surface temperature minus the value 
of M determined from the representative surface air 
temperature and humidity (before modification) ; 
values of M can be ascertained from nomograms," 
tables,’ or directly from the formula.) In the case of 
M corresponding to the sea temperature, a 98 per cent 
saturation is assumed; the 2 per cent vapor pressure 
correction is subtracted to take into account the salin- 
ity of the sea water. 

3. Ratio of duct width to M deficit, determined 
from the chart in Figure 19 for a given temperature 


hNomograms are included and explained on pages 256 - 257. 

!Tables for computing M can be found in references 8 and 9. 

iThe formula expressing M in terms of pressure, temper- 
ature, humidity, and elevation is given on pages 256-257. 


excess and wind speed as measured at the 1,000-ft 
level. 

4. Duct width, found by multiplying the above 
ratio (3) by the M deficit. 

Applicability of the Method. Since the procedure 
is designed to take into account only the surface modi- 
fication of air over water, its application is restricted 
to the prediction of the first four types of M curves 
described on pages 245-248: standard, substandard, 
simple surface trapping, and transitional. The causes 
of S-shaped M curves are not considered in this 
method. Standard conditions can be presumed to 
occur when the calculations indicate a duct width of 
zero, which is the case when the M deficit is zero. Jf 
the M deficit is negative, then the calculated duct 
width will be negative, and substandard conditions are 
to be inferred. A positive M deficit indicates duct 
formation (simple surface trapping), and the calcula- 
tions of the duct width given an estimate of the height 
to which the duct extends. If this height is small, 
conditions may be inferred to correspond to the tran- 
sitional case. Once the duct width is calculated, a 
complete picture of the distribution of M with height 
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Figure 19. Graphs showing the value of the ratio of 
duct width d to the M deficit, AM for values of temper- 
ature excess and wind speed at the 1,000-ft level. 
(Typical values are given in Table 2.) 
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can be approximated as indicated in Figure 15 by 
assuming that standard conditions prevail above the 
duct and that the M deficit (AM) is the difference 
between the actual M value at the sea surface and 
the M value that would exist at the sea surface if the 
standard conditions were extended down to the surface. 

The method is not applicable to conditions over 
land. 

In the case of air with a purely sea trajectory, it 
turns out that the procedure is closely valid if, in 
place of the air temperature and humidity measure- 
ments made over land, these measurements are taken 
in the air at a slight elevation above the sea surface, 
for example, at bridge level on a large ship. 

In practical application results will be most reliable 
when the assumptions listed under “General Proce- 
dure” are satisfied. However, this docs not mean 
that the method is useless under other circumstances. 
Figure 19, which is the crux of the method, is largely 
empirical and is based on relationships: which have 
been observed to hold under various meteorological 
conditions. Consequently, reasonably accurate results 
are not limited to only a few idealized situations. 

it should be mentioned also that use of the method 
in a literal manner can be improved upon if the cal- 
culated results are modified by the judgment of 
someone trained or experienced in meteorology. Com- 
plicating factors such as variations in the initial sta- 
bility conditions, variability of the sea surface tem- 
perature, effects of convergence, divergence, and sub- 
sidence, and presence of fronts can best be taken into 
account by one familiar with their effects. 


QUALITATIVE PREDICTION OF RapaR RANGES 


The method described above gives a means of esti- 
mating surface duct formation, whereas what is needed 
is a knowledge of the effect of the duct on radio propa- 
gation. It is impossible to make a blanket statement 
giving the exact range that will be obtained with any 
particular duct width, since the range depends on the 
power of the radio or radar set (also on the character 
of the target, in the case of radar), as well as on the 
factors listed on pages 245-248. However, some numer- 
ical estimates of trapping effects can be made. 

Dependence on Duct Width, Frequency, and Eleva- 
tion of Site. An approximate expression relating the 
maximum wavelength that can be trapped by surface 
ducts is given by 


Amax = 0.076d\/AM — 0.086d, 


in which Amax is the maximum wavelength in centi- 
meters, d is the duct width in feet, and AM is the M 
deficit in M units. Table 2 is developed from this 
formula and indicates, for given values of AM and d, 
the wavelength above which trapping will not occur. 
A rough generalization can be made by stating that, 
when the wavelength of the radiation is around 3 cm, 
duct widths of 20 ft or more will be sufficient to cause 


simple surface trapping, and, when the wavelength is 
around 10 cm, duct widths of at least 40 or 50 ft will 
be sufficient, provided in each case that the transmitter 
is located within the duct. Thus, for a particular radar 
frequency and location, an estimation of duct width 
becomes a critical factor in anticipating whether an 
appreciable amount of trapping will occur and con- 
sequently whether radar ranges will be appreciably 
larger than under standard conditions. 
TABLE 2. Values of the maximum wavelength (in em) 


for which waves can be trapped in a surface duct for 
given values of M deficit (AM) and duct width (d). 


AM (M units) 
d(ft) 2 5 10 15 20 25 
10 0.97 1.63 2.36 2.90] 3.36 3.78 
20 1.72 | 3.14 462 5.75 6.67 7.49 
30 2.19 | 4.52 6.80 8.50 9.93 11.1 
40 2.28 | 5.74 8.88 | 11.2 13.1 14.7 
50 1.69 | 6.80 10.9 138 162 18.3 
60 ee 7.65 128 163 19.2 21.8 
70 ie 8.35 145 188 22.2 25.2 
80 ee 8.82 162 212 25.2 28.6 


Dependence on Extraneous Factors. Meteorological 
conditions other than ducts often have important 
effects on propagation. Surface fog frequently causes 
substandard conditions. Rain and clouds may attenu- 
ate the propagated energy and effectively decrease 
the range. Heavy rain and sometimes cumulo nimbus 
clouds cause radar echoes. 


OprraTIonaL Usr AND LIMITATIONS 

The restrictions surrounding the possible utilization 
of this prediction technique have been covered earlier 
in this section, where it is indicated in what respects 
applicability is limited. Subject to these limitations, 
the method can be employed to advantage. Short-term 
predictions (a day or so ahead) of duct formation and 
radar range can aid in estimating the coverage of a 
particular radar set. Information of this nature should 
lead to the more efficient use of radar facilities. 


Computed Climatological Information 
on Surface Ducts 
Punrrost or THis INrFoRMATION 

Inasmuch as the present report is designed to aid 
radar and meteorological officers in the Pacific theater 
of war, it has been thought expedient to include 
climatological information on that area which gives 
an indication of the occurrence of surface ducts. For 
this purpose, computations have been carried out, 
using the methodology given on pages 249-150, to 
yield the following : 

1. Estimation of the per cent of time surface ducts 
of certain widths are likely to occur at various times 
of the year and at various places in the western Pacific 
theater. 

2. Estimation of the variation in duct width with 
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the time of year, geographical location, ete. 

3. Estimation, from (1) and (2) above, of the 
amount of trapping to be expected for specified radio 
frequencies and specified elevations of sites. 


Rercions CHOSEN For STUDY 


The area chosen for investigation was that bounded 
approximately by 10° and 50° N latitude and by 120° 
and 150° E longitude. These regions include the Japa- 
nese islands, the coasts of Korea, Manchuria, and 
China, northern Philippines, the Marianas, the 
Bonins, and the Ryukyu Islands. The computations 
were carried out for representatively selected 5x5 degree 
sectors or “squares.” The results for several regions 
in this area are summarized and are given below. 


Sources oF CuimaToLogicaL Data 


The charts and atlases used in compiling the data 
can be found in references 11 to 15. 


METHOD OF COMPUTATION 


The procedures described on pp. 246-251 were ap- 
plied as follows: 

1. A determination of the monthly mean tempera- 
ture excess was made for each 5x5 degree square for 
each month (1) by taking the difference between the 
mean temperature of the air over the sea and the mean 
sea surface temperature, and (2) by taking the differ- 
ence between the mean temperature of the air at a land 
station (when the given square was near a coast) and 
the mean sea surface temperature. 

2. A determination of the monthly mean M deficit* 
was made for each square for each month using the 
nomograms and taking the data for (1) the mean 
temperature and wet bulb depression of the air over 
the sea and the mean sea temperature, and (2) the 
mean temperature and relative humidity of the air 
at a land station (when the given square was near a 
coast) and the mean sea temperature. 

3. For each square for each month note was made 
of the various surface wind velocity ranges that oc- 
curred with each wind direction (eight points of the 
compass) and the percentage of time the wind lay 
within each velocity range. 

4. In terms of the mean temperature excess and 
mean M deficit, the corresponding duct width was 
computed for each wind velocity range, and, knowing 

kThese calculations do not represent exactly the correct 
mean value of the M deficit, since M is not a linear function 
of the temperature and humidity, and so the value of M com- 
puted from mean temperature and humidity data is not quite 
the same as the mean of all M’s computed from individual 
temperatures and humidities. A cursory evaluation of this 
error has indicated that the values computed are if anything 


conservative, i.e., that the actual mean M deficits are prob- 
ably larger than those computed. 


!This led to a slight error, inasmuch as the wind at 1,000 ft 
should have been used in place of the surface wind (data 
were available only for the latter). This error in most cases 
resulted in calculated duet widths of slightly less magnitude 
than would have been obtained if the 1,000-ft wind had 
been used. 


the percentage of time that winds of each magnitude 
occurred, it was possible to compute the percentage of 
time that ducts of various widths would occur, both 
for each wind direction (on an eight point compass) 
and for the overall picture regardless of wind direction. 


RESULTS OF COMPUTATIONS 


The results were summarized by lumping individual 
squares showing similar characteristics into nine re- 
gions within the whole area. In each region data for 
the individual months were lumped together on the 
basis of similarity to divide the year into three or four 
parts (these varying according to region). Then for 
each group of months in each region were listed those 
results which were considered to be the most impor- 
tant, namely, 

1. The range in duct widths, giving an indication 
of the variability at any one place at any one time 
of year. 

2. The percentage of time that ducts characterized 
by widths greater than 40 ft occur and, following this, 
the most prevalent wind direction associated with 
ducts of these widths, as well as the minimum wind 
velocity necessary to establish them. 

3. The percentage of time that ducts characterized 
by widths from 20 to 40 ft occur, similarly followed 
by the associated prevailing wind direction and the 
minimum required wind velocity. 

4. The percentage of time that ducts do not occur 
or have a width less than 20 ft. 

Figure 20 contains these summarized results. The 
numerical listings in the figure make no claim toward 
being exact, as is evident in view of the remarks made 
on pp. 249-251 on the applicability and limitations 
of the method, in addition to the slightly erroneous 
computations of the monthly mean M deficit and the 
use of the surface winds instead of those at 1,000 ft. 
(The effect of the latter two errors is mainly to cause 
the calculated duct widths to tend toward the conserva- 
tive side.) In Figure 20, for purposes of consistency 
throughout the area, only the calculations based on 
air temperature and humidity records over the sea 
were used [i.e., only (1) under “Method of Compu- 
tation”]. The difference between these calculations 
and those based on land station data is primarily that 
temperature excesses and M deficits are larger in the 
latter case (this again tends to make the tabulated 
results conservative). 

Other deficiencies of the method which might be 
cited are the neglect to take into account the occur- 
rence of fog or rain (which tends to create substandard 
or standard conditions) and the omission of the in- 
fluence of local effects such as the topography along 
coast lines (see pp- 254-256). In some cases the 
period of record was fairly short, so that the data 
used in the calculations were not always completely 
representative. Lastly, the ranges of duct widths were 
calculated on the assumption that there was a varia- 
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Ficure 20. Summarized results of climatological duct with calculations. 


tion of wind speed only, not allowing for possible 
variation in temperature excess and M deficit. 

In spite of these shortcomings, the calculated re- 
sults show regional and seasonal trends consistent 
both with what might be expected on the basis of 
qualitative physical reasoning and also with a limited 
number of actual observations taken in the Pacific 
(see pp- 254-256). In conclusion we may safely state 
that the results represent to a reasonable approxima- 
tion the average conditions of surface duct width and 


variability. 
User or ComputEep RESULTS 


Since the computations are based on climatological 
data and are limited in exactness, they do not have 


what trapping conditions will be on any particular 
day. They serve merely to indicate in a general way the 
average conditions that might be expected over a pe- 
riod of time. For example, the percentage of time that 
duct widths in excess of 40 ft occur gives an estimate 
of the fraction of time that properly sited S- or X- 
band radars would be able to take advantage of ex- 
tremely large ranges ; the percentage of time that duct 
widths from 20 to 40 ft occur indicates that portion 
of the time in which X-band radars would be needed 
to benefit from surface duct conditions ; the percentage 
of time that no ducts (or exceedingly small ducts) 
oceur points out limitations in the utilization of 
simple surface trapping. Inasmuch as the transmitter 
should be located within the duct (if the maximum 
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forecasting value in the sense of indicating specifically 
benefit is to be received from trapping conditions), 
these factors indicate preferable elevations of the 
transmitter. In general, the information given in Fig- 
ure 20 can be helpful in relatively long-range plan- 
ning procedures, in deciding on the most effective 
type of radar set, the optimum frequency to use, ‘and 
the most advantageous elevations at which to estab- 
lish sites, etc., for operations to be conducted during 
a particular season of the year and in a particular 
region. 


Direct Indications of Nonstandard 
Conditions in the Western Pacific 
GENERAL CONCLUSIONS 

Evidences of superrefraction have frequently been 
found at Guadalcanal and in the general vicinity of 
New Guinea and New Zealand. Data obtained on the 
radio-meteorology of the western Pacific in the region 
from New Guinea to Saipan, from soundings made 
there in 1944 and 1945,'*78 indicate the following con- 
ditions in both the equatorial and trade wind belts of 
the Pacific. 

1. Unmodified winds of long sea trajectory pro- 
duce ducts which attain sufficient height and intensity 
to trap microwaves in the 3,000- to 10,000-me range. 

2. At the relatively low wind speeds characteristic 
of the equatorial belt (4 to 10 knots), the duct height 
increases with wind speed from about 20 to about 40 
ft. X-, and possibly S-, band radars with properly 
placed antennas may be expected to show marked in- 
crease in range on surface craft and on aircraft flying 
within the duct. 

3. At the higher wind speeds typical of the trade 
wind belt (10 to 20 knots), ducts 50 to 60 ft wide 
occur regularly. Properly sited S-, as well as X-, band 
radars may be expected to show marked and persistent 
increases of range on surface targets. The persistence 
of the duct in these regions suggests its use in micro- 
wave communications. 

4. Unless modified by passage over nearby land 
masses, the atmosphere is approximately standard 
from 60 to 1,000 ft. 

5. The results are so similar to earlier measure- 
ments taken in the Caribbean on northeast trade wind 


air of long sea trajectory as to warrant the conclusion - 


that this type of duct formation is general, at least in 
tropical and subtropical regions, throughout the world. 

6. From the experimental results around Saipan 
and the Marianas it is concluded that the coverage of 
radars operated at frequencies much lower than 3,000 
me will probably not be affected by the oceanic ducts. 

7. The coverage of microwave radars (3,000 me 
and higher) which are sited above 100 ft may not be 
affected by low-level conditions. 

8. If coverage on surface craft or ultra-low-flying 
aircraft beyond the range of existing facilities is re- 
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Ficure 21. Data from Geelvink Bay, New Guinea, 
showing surface duct as well as elevated S-shaped duct 
due to Féhn effect from 10,000-ft mountains 100 to 150 
miles to windward (SW). 
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quired and if prevailing wind speeds exceed 10 knots, 
S-band radars sited 10 to 30 ft above sea level may 
give better results than high-sited ones. 

9. X-band radars sited at 10 to 20 ft should be 
useful down to wind speeds of the order of 6 knots. 

10. In microwave communication links, the use of 
low-sited antennas may increase range beyond that 
attainable by siting at the highest available altitudes. 
(From the standpoint of water vapor attenuation and 
duct utilization, X-band frequency appears to be the 
optimum for this purpose.) 

11. From a series of ship-based kite soundings tak- 
en northeast of Saipan in the two, distinct weather 
regimes, (1) a typical fair weather period, with steady 
10- to 20-knot trades blowing and (2) a stormy period 
with variable 4- to 15-knot southerly winds and fre- 
quent rain squalls, it has been found that all sound- 
ings yield simple surface trapping curves exclusively, 
the average duct widths being respectively (1) 44 ft 
and (2) 37 ft. 

12. Although measurements were not faken under 
the conditions mentioned in paragraph 11 (2) above, 
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Ficure 22. M deficits calculated from soundings made 
at Tateno, Honshu, 1928. 
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Ficure 23. Psychrometric nomogram. 


soundings immediately after the squalls showed the 
usual duct. (Sea surface temperatures were constant 
at 84 to 85 F. Close to the surface the temperature 
lapse rate was superadiabatic, but it was dry adia- 
batic above 100 ft.) 

OBSERVATIONS UPON Ducts OTHER THAN 

SIMPLE SurFrAcE TRAPPING 


Although the emphasis in this report is placed upon 


simple surface trapping, nonstandard propagation is 
found under other distributions of atmospheric mois- 
ture and temperature. Elevated inversions are found 
up to around 5,000 ft, due to subsidence in anti- 
cyclones over the Pacific’; the western and the 
southern portions of this area usually exhibit the 
higher elevations. Illustrative of one of the other fac- 
tors in nonstandard propagation is the Fohn wind 
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which often produces an elevated S-shaped duct and 
frequently is superimposed upon a sea breeze. Figure 
21, plotted from data taken in the vicinity of the 
New Guinea coust,!® indicates the oceurrence of an 
elevated S-shaped curve, below which is found simple 
surface trapping or the usual trade wind surface in- 
version. While the existence of conditions favorable 
to such eftects off the coasts of Japan may be assumed, 
on account of the lofty mountains, there are no 
data available on this point. The only information on 
trapping in the Japanese area has been obtained from 
a study of soundings made in 1928 at Tateno,’® on the 
east coast of Honshu, some fifty miles from Tokyo. 
The data, plotted in Figure 22, shows three cases of 
an M inversion. The numerical quantities are given 
in Table 3. 


TABLE 3. Aerological soundings at Tateno, Honshu, in 
1928, together with computed duct widths and the magnitude 
of the M deficit. 


Elevation Elevation Duct Magnitude 
of duct of duct width of M 


Date top (ft) base (ft) (ft) deficit 
May 1 1,900 1,300 600 —6 
August 23 1,000 650 350 —5 
September 29 1,250 950 300 -2 


Nore on ATTU AND THE ALEUTIANS??? 


Fixed echoes have been obtained at abnormally 
long ranges (100 to 150 miles). The “Battle of the 
Pips” was an illustration of pronounced superrefrac- 
tion. The latter has been observed on at least four 
occasions by operators of airborne radars returning 
to Attu from missions over the Kuriles, when VHF 
radar beacons have returned signals to planes at 5,000 
ft and 300 to 350 miles, or about three times the 
horizon line distance. Meteorological data on duct 
conditions during the cycle of the Aleutian seasons 
are needed (up to 1,000 ft). 


APPENDIX 
StaNDARD ATMOSPHERE 


Definition. The National Advisory Committee on 
Aeronautics [NACA] defines the “standard atmos- 
phere” as that which exhibits: : 

1. A sea level pressure of 1,013 mb (= 760 mm of 
mercury = 29.92 in. of mercury). 

2. A sea level temperature of 15 C (= 59 F) which 
decreases at a rate of 6.5 C per km (= 3.47 F per 1,000 
ft) in the lower atmosphere; and in addition the 
moisture content may be specified as follows: 

3. A relative humidity of 60 per cent, which corre- 
sponds to a water vapor pressure of approximately 10 
mb at sea level and to a rate of decrease in the lower 
atmosphere of about 1 mb per 1,000 ft. 

Properties. The following table for the standard 
atmosphere indicates the variation with height of (a) 
temperature, (b) pressure, (c) water vapor pressure 


for 60 per cent relative humidity, (d) a quantity con- _ 


taining the index of refraction, n, and (e) the modi- 
fied refractive index, MW. 


Water vapor 
Temper- Pres- pressure for 


Altitude ature sure 60% RH 
Meters Feet C F (mb) (mb) (n—1) x 108 M 
0 0 15.0 59.0 1,013 10.2 322 322 
150 492.1140 57.2 995 9.6 316 339 
300 984.3 13.0 55.4 977 9.0 309 357 
500 1,640.4 11.7 58.1 955 8.3 300 379 
1,000 3,280.8 8.5 47.3 894 6.7 281 438 
1,500 4,921.2 5.2 41.4 845 5.3 266 501 


%apIo Mrrrorotocy TErms 

Indea of Refraction. This can be defined for: any 
particular medium as the ratio of the velocity of 
electromagnetic waves in a vacuum to their velocity 
in the medium. The relationship indicating the 
amount of bending or change in direction that occurs 
as electromagnetic radiation crosses a boundary be- 
tween two media with different refractive indices is 
given by Snell’s law: 

7 COS a1 = Ne COS ae 

in which 2, is the refractive index of the first medium, 
nz that of the second medium, @, the angle which the 
ray in leaving the first medium makes with the boun- 
dary, and @, the angle which the ray in penetrating 
the second medium makes with the boundary. In the 


case of the atmosphere (one medium with a variable 
refractive index) this expression can be modified to 
relate the gradual bending of a ray to the manner in 


‘which the refractive index varies. The value of the 


refractive index, n, at any particular point in the 
atmosphere can be determined from measurements of 
pressure, temperature, and humidity by substitution 
in the formula, 


n=1+ = (» + = 10-6 


or, expressed differently, 


79 4800e 
— 65 es etree 
(n— 1) 10° = 5 (» + ) 


in which the temperature, 7’, is measured in °Ix, and 
the atmospheric pressure, p, and vapor pressure, e, 
in millibars. 

Modified Refractive Indea. It is considered more 
convenient, in problems of radio propagation, to de- 
fine a slightly different quantity If, which is related 
to the index of refraction by 


= (n+2- 1) 10° , 
a 


in which 2 is the index of refraction, a is the radius 
of the earth (21 X 10° ft) and fi is the height above 
the surface of the earth (measured in the same units 
as a). In terms of pressure, temperature, humidity, 
and height, M is given by 


m= B(o+ Sm) +4 10°, 
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in which the units of measurement used are the same 
as above. The rate at which M increases with altitude 


is given by 
dM (dn, 1 . 
an (5; : i) wy 
which in the standard atmosphere is 
dM 
—— = —=() 15 
ah 0.039 + 0.157 


= 0.118 M unit per meter 
= 0.036 Mf unit per foot. 


Psychrometric Nomogram. Radiation Laboratory 
(MIT) has developed a nomogram with which to 
compute the modified index of refraction from the 
necessary meteorological parameters. This chart is 
known as the psychrometric nomogram. (See p. 255.) 


Mrrroronocican TERMS 


Absolute Humidity. The mass of water vapor pres- 
ent in a unit volume of air is known as the absolute 
humidity of the air. It is another way of expressing 
the water vapor density. 

Specific Humidity. The specific humidity of moist 
air is the ratio of the weight of water vapor mixed 
with the air to the weight of the. moist air. If p is the 
barometric pressure and e is the partial pressure of 
the water vapor, then the specific humidity is given by 

q = 622 


e 
p — 0.377e BEB o 


Mixing Ratio. The ratio of the mass of water vapor 
mixed with unit mass of perfectly dry air is known 
as the mixing ratio and may be expressed as 


e 
= 622 —— kg. 
w Reet g 


Relative Humidity. The ratio of the actual water 
vapor pressure to the saturation vapor pressure at the 
same temperature is known as the relative humidity 
of moist air. If e and e, are the respective vapor pres- 
sures, then (in per cent) the relative humidity is 
expressed as 

RH = = x 100. 


Wet Bulb Temperature. The lowest temperature 
to which a wetted ventilated thermometer can he 
brought by evaporation is called the wet bulb tempera- 
ture. It is not strictly an air temperature. 

Air Mass. An extensive body of air which approxi- 
mates horizontal homogeneity is known as an air 
mass. The four principal types are illustrated by the 
accompanying table. 


Moisture Thermal 


Source classifi- _classifi- 

region _ cation cation Name Symbol 

Land Dry Hot Tropical continental cT 
Cold Polar continental cP 

Oceanic Wet Hot Tropical maritime mT 
Cold Polar maritime mP 


Front. The surface of separation between dissimilar 
air masses is known as a frontal surface. On a surface 
weather map a “front” is the intersection of this sur- 
face with the surface of the earth. 

Dry Adiabatic Lapse Rate. When dry air ascends 
so as to expand adiabatically, it is said to cool at the 
dry adiabatic lapse rate (5.5 F per 1,000 ft or 1 C 
per 100 m). There must be no condensation or evapora- 
tion of associated water vapor during the process. 

Subsidence. An extensive sinking process, result- 
ing in dynamically heated air and an increase in 
stability, most frequently observed in anticyclones, is 
known as subsidence. 

InstRucTIoNS ror Usr or Nomocram 


This nomogram (Figure 23) may be used to com- 
pute M when temperature is expressed in degrees 
Fahrenheit or centigrade, humidity in terms of wet 
bulb (degrees Fahrenheit or degrees centigrade), dew 
point (degrees centigrade), or vapor pressure (milli- 
bars), and height in feet or meters. Place a straight- 
edge so as to align the temperature on scale 1 with the 
wet bulb temperature on scale 3 (or with the dew point 
or vapor pressure on scale 4). The point at which the 
straightedge intersects scale 6 indicates the value 
of the modified index uncorrected for height. Pivot 
the straightedge at this point (on scale 6) so that 
it crosses scale 2 at the desired height. Then read the 
value of M where the straightedge crosses scale 5. 


A 


PART II 


MISCELLANEOUS EXPERIMENTS 


Chapter 4 


REFLECTION COEFFICIENTS 


REFLECTION COEFFICIENT MEASURE- 
MENTS AT THE RADIATION 
LABORATORY* 


De THE LATTER PART of 1943 the S-band reflec- 
tion coefficient measurements begun in the spring 
and reported at the July 1943 conference have been 
carried on, and work of a similar nature has been 
started to determine X-band values. The interference 
pattern was observed by recording field strength as a 
function of distance with both receiver and trans- 
mitter heights held constant. One end of the path was 
ground-based, while the other end was carried in an 
airplane which flew over sea toward the land station 
at a constant altitude and bearing. A one-way c-w path 
was used, the transmitters, receivers, and recorders 
being identical to those used previously. The time con- 
stant of the receiver and recorder was 0.3 sec, corre- 
sponding to 0.01 mile for the usual air speeds used. 

When appreciable specular reflection was obtained, 
a regular succession of maxima and minima were 
observed on the record. The product of the divergence 
factor and reflection coefficient was found by deter- 
mining the ratio of electric field strength at adjacent 
maxima and minima. The geometrical expression for 
the divergence factor was assumed correct and all 
variations were lumped in the experimental value of 
the reflection coefficient. It was required that a record 
give a check on the positions of maxima and minima 
for standard refraction and that the maxima obey 
the 1/R? law (power) before the record would be 
worked up. 

Flights over land made in 1943 at Orlando, Florida, 
Riverhead, Long Island, and Cambridge, Massa- 
chusetts, fail to show a regular interference pattern. 
There is a more or less erratic variation of field in- 
tensity with distance, but the magnitude of the varia- 
tion is generally small, and the recotds obey the 
1/R? law. It is believed that the terrain is rough 
enough to scatter all incident radiation of micro- 
waves and that specular reflection will therefore not 


*By W. J. Fishback, Radiation Laboratory, MIT. 
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be observed. There is considerable evidence, however, 
that if a microwave transmitter is placed at a fairly 
low height over terrain as smooth as an airport run- 
way, specular reflection will be observed. 
Observations over sea made late in 1943 on S band 
with horizontal polarization have not agreed with 
earlier results. A correlation has been found between 
wind (and presumably wave) direction with respect 
to the path and the magnitude of the reflection coeffi- 
cient. The correlation suggests that low values ob- 
served are due to back scattering. Figure 1 shows lines 
drawn as a means of the values observed on the 4 days 
when exceptionally good flights were made during the 
winter. On November 25, the wind was blowing across 


FLIGHT OF 11/25/43 
(WIND BLOWING ACROSS PATH) 


FLIGHTS OF 12/29/43 AND 12/30/43 
(WIND BLOWING OBLIQUELY WITH 
RESPECT TO PATH) 


FLIGHTS OF 41/22/43 
(WIND BLOWING ALONG PATH) 


° ‘ 2 3 4 5 6 7 () 9 
GRAZING ANGLE IN DEGREES 


REFLECTION COEFFICIENT -HORIZONTAL POLARIZATION 


Fiaure 1. Reflection coefficient, horizontal polarization, 
versus grazing angle. Sea water. Wavelength—S-band. 


the path, and high values of the reflection coefficient 
were observed. On November 22, the wind was blow- 
ing along the path, and low values were observed. 
On December 29 and 30, the wind was blowing 
obliquely with respect to the path and intermediate 
values were observed. While the values on any given 
flight lie fairly close to the lines, there is a consider- 
able amount of scatter. This scatter is now believed 
to be real and supports the results obtained by the 
British. 

Figure 2 shows the results obtained this winter on 
S band with vertical polarization. The values ob- 
served fall about the theoretical curve. If any corre- 
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lation with wind direction exists, it is masked by the 
variation within a single flight. 

Equipment difficulties have just been overcome 
and work is getting under way to determine X-band 
values. One flight made on horizontal polarization 
shows values greater than 0.9 up to 3 degrees. On 
three flights made with vertical polarization the points 
have fallen just slightly above the theoretical curve. 

It is planned to carry on simultaneous measure- 
ments of X- and S-band values to determine the values 
to be expected on X band and to prove or disprove the 
correlation suggested above. 
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REFLECTION COEFFICIENT — VERTICAL POLARIZATION 
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ELECTRICAL CONSTANTS OF THE GROUND, 
SEA, AND FRESH WATER 


To obtain reliable data on the reflection coefficient, 
dielectric constant, and conductivity of the ground 
and also of fresh and sea water, a series of radio ex- 
periments were performed*® which gave results that 
compared fairly well with those obtained in labora- 
tory experiments. The experimental conditions were 
telatively well defined and the physical characteristics 
of the ground or water derived from these experiments 
appear to be highly reliable. The wavelengths of the 


5 6 7? 8 9 10 


GRAZING ANGLES IN DEGREES 
FicurE 2. Reflection coefficient, vertical polarization, versus grazing angle. Sea water. Wavelength—S band. 


EARTH CONSTANTS IN 
THE MICROWAVE RANGE? 


Reflection Coefficients 


In writing a summary of the latest results, it was 
thought that the following grouping of the data 
would be useful. 

1. Determination of the electrical constants of the 
ground, sea, and fresh water. 

2. Study of ground and sea reflections under condi- 
tions encountered in actual operations. 

8. Irregular reflections or scattering. 


>By L. Goldstein, Columbia University Wave Propagation 
Group. 


radiation used in these experiments lie in the S band 
at 9 and 10.cm. 

In the experiments with 9-cm waves,’? the nature 
of the reflecting surface was prepared beforehand and 
its humidity, occasionally, well controlled. Similarly, 
with vegetation on the ground, the reflection could be 
measured with different heights of the turf which was 
grown on the grounds reserved for the measurements. 

The conditions of the ground in the experiments 
with 10-em waves were somewhat less well defined. 
However, the experimental setup was portable in 
this case, which proved to be advantageous. 

It seems desirable to give first the results obtained 
under the best-defined conditions’? (9 cm) for a 
variety of grounds and compare those with the re- 
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sults of the 10-cm waves obtained under less well- 
defined conditions.’ The latter results are given al- 
ways in graphical form. 

The grazing angle interval (0° to about 30°) ex- 
plored with the 10-cm waves was quite large, and a 
graphical representation of the results is well justi- 
fied. At 9 cm only three or at most four angles of in- 
cidence were investigated. 

The schematic representation of the experimental 
setup is given in Figure 3. If p denotes the ratio of 


TRANSMITTER RECEIVER 
h, h 2 
[ (NZ) 
e EARTH 
“N 
. SS 
N he 


Ficure 3. Idealized geometry of the experiment.® 


the amplitude of the reflected wave to that of the 
incident wave in the vicinity of the reflecting sur- 
face, then at the position of the receiver the total field 
received in case of reinforcement is 


Enax = E + kp. 


E is the field strength of the direct wave and & is a 
correction factor taking into account the directivity 
of the transmittér and receiver as well as the increased 
path length of the reflected ray as compared to that 
of the direct ray. In case of phase opposition 


Enin = E — kok. 


REFLECTION COEFFICIENT p! 


These lead to 
eS kp = (Emax / Emin) — 1 
(Emax / E xin) ar 1 
Throughout the work at 10 cm this corrected reflec- 
tion coefficient (kp) or p’ has been investigated. Pre- 
sumably & is nearly unity so that p’ = p. 

Very Dry Sandy Ground. Table 1, for 9 cm, refers 
to very dry ground. In order to obtain a precise value 
of the complex dielectric constant of this very dry 
sandy ground its absorption coefficient was measured 
directly. The measurement was made by interposing 
a filled container between transmitter and receiver. 


TaBLeE 1. Reflection coefficients of very dry sandy ground 
for \ = 9 cm.12 


Grazing 
angle _- Vertical polarization 
degrees Calculated Observed 


Horizontal polarization 
Calculated Observed 


22 0.18 0.20 0.48 0.47 
36.5 0.015 0:03 0.33 0.33 
46.5 0.08 0.09 0.26 0.27 


The container, a wooden trough, had % in. plate 
glass ends, 18 in. square, one of which was movable, 
thus allowing a test of the absorber up to a thickness 
of 12 in. The most suitable values of «, (real part 
of the complex dielectric constant «,) and conductivity 
co or « = 60 oA (imaginary part of the complex 
dielectric constant) which fit the reflection and ab- 
sorption coefficient data were found to be « = 2, o 
= 0.033 mho per meter, «, = 0.18. 

It should be mentioned here that the calculated 
reflection coefficients were obtained by using the gen- 
eralized Fresnel formulas for reflection of electro- 
magnetic waves by plane dielectric surfaces. The in- 
cident waves travel in vacuum (or air) and fall on 
the plane surface of a dielectric at the grazing angle y. 


PLACE-OAK BEACH 


EARTH ~SMALL DRY SAND HILLOCKS 
SOME VEGETATION 


«24 oO 


© VERTICAL POLARIZATION 
x HORIZONTAL POLARIZATION 


H- APPROXIMATE THEORETICAL p! 
V- APPROXIMATE THEORETICAL p! 


GRAZING ANGLE IN DEGREES 
Ficure 4. Reflection coefficient p’ versus y. A=10 cm. d=225, 100, 75 ft. 
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The complex dielectric constant ¢, is 


where ¢, is the real part of the dielectric constant and 
« = 60ed is its imaginary part. o is the conductivity 
of the dielectric medium in mhos per m, and 4 is the 
wavelength, in vacuum, of the incident radiation. 
The generalized Fresnel formulas, for horizontally 
and vertically polarized waves, respectively, are 


Bie c wal ak 2) 
es SUR rN Se ee v — (6 — cos’) (horizontal) 
sin VW + (e, — cos? y)} 
_j%, S ie wu 2 $ , 
pe it _ €c8in W — (e,— cos? y) Grentical)? 


€, sin W + (€,—cos? y i 


where p denotes the magnitude of the complex reflec- 
tion coefficient and y is the angle of lag of the 
reflected component behind the incident component 
of the electric field. 

The results at 10 cm and for dry sand are given 
in Figure 4. The theoretical curves given on the 
graph do not necessarily represent the best fit. These 
curves were computed for e, = 4 and o = 0 (perfect 
dielectric). The experimental Brewster angle turns 
out to be around 23° (grazing angle). 

The experimental results for clay-sand soil are 
given in Figure 5. The theoretical curves are the 
same as those given in the preceding case, that is, 
for « = 4 and o = 0. It will be noted that the fit 
with the experimental values is less satisfactory in 
this case. The author attributes the discrepancy be- 
tween the observed and computed values of the re- 
flection coefficient, in part, to the quality of the soil 
which consisted of lumps of about a half wavelength 
diameter. In general the roughness of the ground con- 
tributes considerably to scattering. It is rather to be 
expected that a theoretical curve representing specular 
reflection coefficients from a smooth surface should 
not fit well the experimental data referring to such 
a rough ground. 

Saturated Ground. Table 2 represents the results 
obtained at 9 cm for the reflection coefficient of sat- 
urated ground. 

The most suitable values of «, and o or ¢ to fit both 
reflection and absorption measurements are e, = 24, 
o = 0.66 mhos per meter, and ¢ = 3.56, 

Tests carried out at 10 cm on ground of somewhat 
similar type (tidal flat and moist sand) are given in 
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Ticur 5. Reflection coefficient p’ versus y. A\=10 cm. 
d=100, 300 ft. 


Figures 6 and 7. The theoretical curves in Figure 6 
correspond to a perfect dielectric (c = 0) with « = 
10. Since the conductivity of the soil is not zero, the 
true value of the reflection coefficient for vertical 
polarization cannot be zero at the Brewster angle. 
The data seem to confirm this point. 

The data of Figure 7 refer to moist and very smooth 
beach sand. It is thought that these observations are 
the most reliable so far as self-consistency is con- 
cerned. Again the computed curves refer to a perfect 
dielectric with «, = 15. 

An important difference between the measurements 
at 9 cm at a fixed location and those made at 10 em 
with the portable setup consists of the fact that at 9 
em direct absorption measurements could be per- 
formed in addition to measurements of the reflection 
coefficient ‘The electrical constants could thus be deter- 
mined at 9 cm without ambiguity. 
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Ficure 6. Reflection coefficient p’ versus y. A\=10 cm. 
d=90 ft. 


TaBLE 2. Reflection coefficients of saturated ground. \ = 9 em.1,2 


Vertical polarization 


Grazing Calculated Observed 
angle €r = 24 €r = 25 Heavy Watered 

degrees o = 0.66 o¢=0 rain by hose 
22 0.31 0.31 0.28 0.32 
36.5 0.50 0.50 0.50 0.50 
46.5 0.57 0.57 0.58 0.58 


Horizontal polarization _ 


Calculated Observed 
€, = 24 €, =,25 Heavy Watered 
o = 0.66 ¢=0 rain by hose 
0.85 0.86 0.90 0.86 
0.78 0.79 eee 0.78 
0.74 0.75 0.72 0.74 


— 
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Ficure 7. Reflection coefficient p’ versus ¥. A= 10 em. 
d=300, 90 ft. 


Fresh Water and 4% Salt Solution (or Sea Water) 
(1) Tap water. Table 3 gives the results on the reflec- 
tion coefficients of tap water (temperature not given). 


TABLE 3. Reflection coefficients of tap water. \ = 9 cm.1,2 


Grazing 
angle _—‘ Vertical polarization 
degrees Calculated Observed 


Horizontal polarization 
Calculated Observed 


20 0.51 0.51 0.92 0.90 
35 0.69 0.67 0.88 0.88 
45.5 0.73 0.70 0.85 0.83 


The vaiues of e, and e¢ which best represent both the 
Teflection and absorption data are «, = 80, o = 2.2 
mhos per m, and ¢ = 11.9. 

2. Fresh water pond. The results on 10-em waves 
are collected in Figure 8.° These data refer to a fresh 
water pond and the theoretical curve corresponds to 
a smooth and perfect dielectric surface with e, = 80. 
The curves do not fit too well at the smaller grazing 
angles. If the conductivity were taken into account, 
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Ficure 8. Reflection coefficient p’ versus y. \=10 cm. 
d=90, 225 ft. Fresh water pond. 


presumably a better fit might be achieved. Two points, 
marked Ford,1? taken from Table 3 were included 
for comparison. 


3. Salt solution. In order to simulate sea water a 
4 per cent salt solution was used for the determination 
of the reflection coefficient. At 9 em the best fit was 
obtained with «, = 80, o = 6.1 mhos per m, and g 
= 33. 

4, Sea water. Figure 9 gives the results obtained 
at 10 cm. The computed curves drawn to fit the data 
correspond to ¢, = 69, o = 6.5 mhos per m, ¢ = 39. 
It appears that the data can be fitted with the com- 
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Ficurs 9. Reflection coefficient p’ versus y. A=10 cm. 
d=130 ft. Sea water (tidal canal). 


puted curves as long as the ripples on the tidal canal 
are of small amplitude (about 1 in.). 

Figure 10, which also refers to sea reflection, cor- 
responds to ripples which had an amplitude of about 
2 in., and here the observed reflection coefficients for 
vertical polarization fall well below the computed 
curve at the larger values of grazing angle. Probably 
the choice of the dielectric constants used in the com- 
putations may account for at least a part of the dis- 
crepancy. 

Grass-Covered Ground. The following results ob- 
tained at the experimental grounds"? with 9-cm waves 
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Ficure 10. Reflection coefficient p’ versus y. A=10 cm. 
_ d=90 ft. Sea water. 
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Taste 4. Reflection coefficient of level, grass-covered ground. > =9cm. Grazing angle 10°. 


Vertical polarization Assumed constants Horizontal polarization 
Ground conditions Calculated Observed €r o mhos/m Calculated Observed 
Grass cut very short and rolled dry. 0.47 0.46 3 0.055 0.79 0.79 
(No rain for at least 7 days.) 
Cut very short and rolled wet. 0.36 0.37 6 0.11 0.86 0.86 
(Several hours of rain on previous night.) 
Grass about 1 in. high, wet. 0.36 0.51 6 0.11 0.86 0.83 


(Same day as previous test.) 


TasLe 5. Magnitudes p,.and p,, observed values. > = 9:cm.1,2 


Heigl of Grazing angle 
vegetation, 22° 36.5° 56.5° 
Appearance of ground v h v h v h 

Bare 0.32 0.86 0.50 0.78 0.58 0.74 
True leaves beginning to form, ground visible 3-4 0.40 0.50 0.44 0.55 0.47 0.56 
Dense clumps, ground showing in places 9-12 0.18 0.65 0.23 0.58 0.33 0.49 
Ground almost obscured 20-25 0.06 0.32 0.10 0.39 0.17 0.41 
Ground completely obscured 35-45 0.04 0.19 0.05 0.26 0.11 0.28 


refer to various types of grass-covered earth. 

The results obtained with the portable 10-cm set 
appear on Figures 11, 12, 13, and 14. These graphs 
show clearly the influence of vegetation on the re- 
flection coefficient. Consult Table 5 tor corresponding 
Tesults at 9 cm. 


0.8 


° 
a 


O VERTICAL POLARIZATION 
X HORIZONTAL POLARIZATION 


PLACE-HICKSVILLE AIRPORT 
EARTH- ROLLING FIELD, SOIL DRY, 
GRASS 4" LONG 


REFLECTION COEFFICIENT Pp 
°o fo) 
to > 


0 4 8 12 16 
GRAZING ANGLE IN DEGREES ¥ 


Ficure 11. Reflection coefficient p versus y. A=10 cm. 
d=225 ft. Grass covered ground. 
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Ficure 12. Reflection coefficient p versus Y. A=10 cm. 
d=100, 225 ft. Grass covered ground. 


Since, however, the data of Table 5 refer to wet 
vegetation-covered ground, they cannot be compared 
directly with the results at 10 cm since these seem to 
correspond to dry vegetation. 

Table 6 gives the data obtained at 9 cm for un- 
mown meadow land having an average variation in 
ground level of about 7 cm. The ground was covered 
with a dense layer of grass about 30 cm high. The 
teflection coefficient of this surface was measured, 
then remeasured with the grass mown as short as the 
roughness of the ground permitted. The turf was next 
removed, some of the irregularities of the ground were 
eliminated, and the reflection coefficient of the sur- 
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Figur 13. Reflection coefficient p versus Y. A= 10 cm. 
d=100 ft. Beet field with weeds. 
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Ficure 14. Reflection coefficient p versus y. A=10 cm. 
d=102, 200 ft. Trees, bushes, weeds in gravelly soil. 
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Tasie 6. Reflection coefficient of rough ground. 
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A = 9 cm.1? 


Grazing Vertical polarization 
angle, Level Long Short 

degrees estimated grass grass Bare 
22 0.20 0.08 0.20 0.23 
36.5 0.40 0.06 0.17 0.27 
4605 0.48 0.06 0.16 0.26 


Horizontal polarization 


Level Long Short 
estimated grass grass Bare 
0.82 0.12 0.74 0.81 
0.73 0.12 0.43 0.50 
0.68 0.03 0.36 0.46 


face so prepared was measured again. The results of 
these measurements are to be found in Table 6. The 
estimated reflection coefficient of level ground of the 
same moisture content is also included here. 

Finally, the results on the electrical constants of 
different kinds of grounds for 9-cm waves have been 
collected in Table 7. 


Tas. 7. Electrical constants of the ground. \ = 9 cm.1,2 


Attenuation 
Medium €, omhos/m 4 factor db/m 
Very drysandyloam 2 0.033 0.178 36 
Saturated sandy loam 24 0.666 3.54 220 
Tap water 80 2.22 12.0 380 
4%, solution of coarse 
salt 80 6.11 33.0 1100 
Dry turf 3 0.055 0.30 50 (calc) 
(est) 
Wet turf 6 0.11 0.60 80 (cale) 
(est) 


Tt is seen that in the previous experiments’? no 
attempt was made at finding the phase angle shift at 
Teflection. At 10 cm® such an attempt was made. How- 


GRAZING ANGLE IN DEGREES 


Ficure 16. Sea reflection coefficient p, versus grazing 
angle y at 10 cm. Vertical polarization. 


ever, the distances involved here could not be meas- 
ured more accurately than a small fraction of a half 
wavelength, or 5 cm. Therefore, these experiments 
are not to be considered, as the author himself points 
out, as giving quantitative information on the phase 


angle shift at reflection and they will not be dis-, 
cussed here. 


Summary of Experimental 
Investigations on Reflection 

Here the results of certain additional reports of 
experiments on microwave reflection by either sea or 
land performed under more nearly operational con- 
ditions are summarized.*” 

In one series of experiments* performed by British 
workers, at 9.3 cm, the transmitter was located on the 
shore and could be placed at two heights, 35 and 130 
ft. The receiver was placed on a ship at a constant 
height of about 33 ft. The field strength of the radia- 
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sd 


Ficurs 17. Sea reflection coefficient , versus grazing 
angle y at 10 cm. Horizontal polarization. 
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Ficure 15. Cross section of Porth Gain Bay (Wales) in vertical plane through transmitter and receiver. 


tion was measured as a function of the distance from 
the transmitter. This distance varied between 3,500 
and 42,000 yd. The observed values of the field 
strengths correspond well with calculations based on 
electromagnetic theory. 

In a second series of experiments’ both the trans- 
mitter and receiver were stationary. The topography 
of the location and the experimental setup are rep- 
resented schematically in Figure 15. The main con- 
clusion drawn from these experiments was that even 
for a calm sea (vertical amplitude of the waves less 
than 8 in.) the mean amplitude of the reflected ver- 
tically polarized beam was only. about half the steady 
amplitude of the direct wave. The amplitude of the 
reflected wave, however, occasionally rises to greater 
values than that of the direct wave, but this lasts only 


4 OVER SEA 
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FicurE 18. Sea reflection coefficient p, versus grazing 
angle y at 3.2 cm. Vertical polarization. 


for short lengths of time of the order of 0.5 sec. 

In the case of the reflection of horizontally polar- 
ized radiation at the surface of a smooth sea it is 
known that even for grazing angles as large as 10° 
the amplitude of the reflected wave is very nearly equal 
to that of the direct wave. The irregularities of the 
sea, however, reduce the amplitude of the reflected 
wave. This reduction is due to scattering, i.e., to non- 
specular reflection of the radiation by the irregu- 
larities of the sea surface. It is recalled here that the 
surface irregularities will play an important role as 
soon as they are larger than A/y, A being the wave- 
length and y the grazing angle in radians. 

The Radiation Laboratory workers,*’ used an air- 
plane as the carrier of the receiver flying toward the 
transmitter. For 10- and 3.2-cm waves the latest re- 


4 OVERSEA 
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Ficure 19. Sea reflection coefficient 9, versus grazing 
angle y at 3.2 cm. Horizontal polarization. 
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sults are given in Figures 16, 17, 18, and 19. These 
show that theory and experiment check satisfactorily 
for vertical polarization, but for horizontal polariza- 
tion the experimental values of reflection coefficient 
generally fall well below the theoretical values based 
on the assumption of a smooth sea. Whereas over sea 
a regular interference pattern existed, over land 
(Orlando, Florida) no specular reflection was ob- 
served. The lobe structure was absent in the observa- 
tions over land. 

Another experiment® carried out over land was 
performed using X-band waves between Beer’s Hill 
and Deal, New Jersey. The reflection coefficient of 
the ground is expected to change with the seasons 
on account of seasonal vegetation changes on the path. 
One series of measurements lead to reflection coefti- 
cients of 0.17 and 0.20 for horizontally and vertically 
polarized radiation respectively. 


Specular Reflection and Scattering 


Ordinarily neither the sea nor the land are ideally 
smooth, and one would expect always nonspecular re- 
flections which tend to perturb the interference pat- 
tern of the direct and reflected rays from a smooth 
surface. 

It has been pointed out® that the condition which 
has to be fulfilled for specular reflection to occur is 
that thé grazing angle y be such that sin y = A/g, 
where g is the wavelength of the sea waves. Clearly 
this is a kind of limiting condition and assumes the 
perfect regularity of the sea waves. It is seen that 
the above condition expresses the fact that the smaller 
the grazing angle, the smaller are the apparent irregu- 
larities of the sea and, if these apparent irregularities 
are much closer than the wavelength of the incident 
radiation, it is to be expected that specular reflec- 
tion should predominate. 

A direct consequence of this condition is that the 
echoes from a target, that is, a ship, will not be 


drowned by the clutter from the sea waves for large 
distances between the target and observer. Whereas at 
closer distances (large grazing angles) the echo from 
the target might be drowned by the irregular reflec- 
tion, i.e., scattering from the sea. To this effect, a report 
is quoted in which it is stated that ships could only 
be detected beyond a certain distance from the shore. 

It is also thought!’ that the discrepancies observed 
between the theoretically predicted and measured sea 
reflection coefficients (horizontal polarization) could 
be attributed to scattering. The irregular reflections 
have the effect of decreasing considerably the ratio of 
the successive maxima and minima of the interference 
pattern developed. The discrepancies referred to are 
those discussed by the Radiation Laboratory workers. 
{n this connection, Hckersley mentions some experi- 
ments by Hoyle on sea reflections in which no corre- 
lation could be observed on the voltage registered by 
two aerials a few inches apart. This tends also to sug- 
gest the existence of scattering from the sea. 

In another series of transmission experiments’? it 
was observed that the contrast between maxima and 
minima was poor. Here the experiments were carried 
out at 200 me over sea at a distance of 100 miles be- 
tween an airplane and a ground station. The diver- 
gence of the observed from the calculated values of 
reflection increases as the grazing angle increases. 
This seems to be in agreement with the results accord- 
ing to which the sea surface may be considered as 
formed by a number of corrugations which, for small 
grazing angles, appear to be so close together that the 
reflection is mostly specular. 

As to the frequency variation of scattering one 
would expect more and more scattering with increas- 
ing frequency. 

The effect of uneven ground on the reflection co- 
efficient was investigated by the British workers al- 
ready mentioned.1? The reflecting ground consisted 
of an artificially prepared series of uniform ridges 
placed along, across, and at 45° to, the direction of 


TABLE 8. Reflection coefficient of ground ridged at 45° with the direction of transmission. \ = 9 cm.!,? 


Grazing Vertical polarization Horizontal polarization 

angle, Level D=60cem D=120cem D =120cm Level D=60cem D=120cm D = 120cm 

degrees |estimate h=14em h= 10cm h= 5cm estimate h =14em h= 10cm hkR= Scm 
22 0.08 0.07 0.09 0.13 0.65 0.14 0.18 0.30 
36.5 0.13 0.04 0.05 0.07 0.51 0.04 0.06 0.16 
46.5 0.22 0.04 0.04 0.04 0.45 0.07 0.06 0.10 

TABLE 9. Reflection coefficient of ground ridged along or across the direction of transmission. > = 9 cm. 
; Vertical polarization Horizontal polarization 

Grazing Along Across Along Across 

angle, Level D=60cem D=60cm D=120cm Level D=60cm D=60cm D=120cm 

degrees | estimate h=14cem h=16cm h= 12cm estimate h=14cem h=16cm h= 12cm 
12 0.23 0.20 0.10 0.30 0.86 0.4 0.2 0.4 
22 0.06 0.03 0.05 0.12 0.76 0.07 0.10 0.18 
36.5 0.28 0.03 0.02 0.06 0.64 0.10 0.12 0.16 
46.5 0.36 0.04 0.08 0.08 0.58 0.04 0.08 0.14 


268 RADIO WAVE PROPAGATION EXPERIMENTS 


propagation. These ridges simulated waves, and their 
wavelength D lay between 0.6 and 1.2 m, whereas the 
double amplitude h varied between 5 and 15 cm, and 
the wavelength of the radiation used wag 9 cm. 

Tables 8 and 9 give the reflection coefficients of 
the uneven ground when the direction of propagation 
is at 45° with the ridge and along or across the ridge 
system. The tables also give an estimation of the re- 
flection coefficient of level ground of the same moisture 
content as that under test. 

The results given in these tables show how a rela- 
tively small irregularity in the ground surface is 
sufficient to prevent regular reflection. The reflection 
coefficient becomes erratic when it has fallen below 
a value of about 0.1. The values given for level ground 
refer only very approximately to the state of the 
ground in the ridged condition. Since the measure- 
ments extended over several days, those relative to 
level ground may not correspond necessarily to the 
same degree of moisture as those referring to the 
ridged ground. The level reflection coefficients in the 
two preceding tables differ from each other because 
those of Table 8 refer to drier ground than: those of 
Table 9- 


MEASUREMENTS OF THE REFLECTION 
COEFFICIENT OF LAND AT CENTI- 
METER WAVELENGTHS, CARRIED 
OUT AT NATIONAL PHYSICAL 
LABORATORY: 


Experiments have been made on the reflection and 
absorption of radio waves in the S-band of wavelengths 
by workers in the National Physical Laboratory in 
England. The reflection coefficient has been measured 
at angles of incidence to the vertical, of 80°, 68°, 54°, 
and 44° on level ground, fresh water, sea water, uneven 
ground, ground covered with vegetation, and ground 
covered with 1 in. mesh wire netting. The absorption 


°By W. Ross, British Central Scientific Office, Washington, 
D.C. 


in soil, fresh water, sea water, and 1 in. mesh wire net- 
ting has also been measured by a-laboratory method. An 
interim report! gave some of the salient results 
obtained on ground reflection. 

The main conclusions which have been drawn from 
the results obtained are given below. 

1. Specular reflection can be obtained only from a 
very level surface, with little or no vegetation on it. 
The electrical constants of such surfaces are given in 
Table 10, from which the coefficient of specular reflec- 
tion can be deduced for the angle of incidence and 
state of polarization concerned. 

2. The reflection coefficient decreases with uneven 
ground and is reduced to a value of about 0.2 by in- 
equalities of level of about one wavelength. This con- 
clusion is based mainly on a series of experiments in 
which the ground was raked into a series of ridges 
resembling waves, which could be either in, across, or 
at an angle to, the direction of transmission. Similar 
results were obtained when a large sheet of wire net- 
ting was similarly disposed in a series of waves. 

3. Vegetation reduces the reflection coefficient, in 
general, and when about 2 ft high causes a reduction 
in reflection coefficient to a value of about 0.2. An in- 
teresting exception was found when level ground was 
covered with vegetation less than half a wavelength 
high (about 1% in.) when the reflection coefficient 
with vertical polarization increased slightly with high 
angles of incidence over that obtained with level 
ground. 


Tasie 10 
Dielectric Conductivity 
Nature of surface constant mhos /m 
Bare sandy loam, very dry 2 3 xX 10? 
Bare sandy loam, saturated with water 24 6 xX 1071 
Turf with grass very short (cricket 
wicket), dry 3 5 x 103 
Turf with grass very short (cricket 
wicket), wet 1 x 1071 
Fresh water 80 2 
Sea water (4% salt solution) 80 5 


Chapter 5 
DIELECTRIC CONSTANT, ABSORPTION AND SCATTERING 


ABSORPTION AND SCATTERING OF 
MICROWAVES BY THE ATMOSPHERE* 


| ies PRESENT REPORT deals with the absorption of 
microwaves in the 0.2- to 100-cm wavelength range, 
by the atmospheric gases and by floating or falling 
water drops like clouds, fog, and rain of maximum 
drop diameter 0.55 cm. 

The theory of absorption and scattering of waves 
by spherical particles is briefly reviewed. The results 
are applied to water drops. 

For small drops, the attenuation, which depends 
only upon the amount of liquid water per unit volume 
and is independent of the drop size, is 0.28, 0.049, and 
0.0045 db per kilometer for each gram of liquid water 
per cubic meter of air for the K, X, and S bands, re- 
spectively. Since the concentration of liquid water in 
clouds does not seem to exceed 1 g per cubic meter of 
air, the above values represent upper limits. These 
values refer to water droplets at temperatures around 
18 C. The attenuation increases with decreasing tem- 
perature of the water drops. 

While the attenuation does not depend upon the 
total rate of rainfall, it is -possible to calculate the 
maximum values to be expected for any precipitation 
rate. These are 0.16, 0.45, 0.005, 0.001, and 0.0006 db 
per kilometer for each millimeter precipitation per 
hour at 1.25, 3, 5, 8, and 10 cm, respectively. These 
theoretical maximum values of attenuation compare 
fairly well with the values observed and are for water 
drops at 18 C. 

Tn the wavelength range mentioned it is shown that, 
with the exception of the biggest drops and shortest 
waves, the wave energy converted into heat inside the 
drops is much larger than the scattered energy. 

The radar absorption coefficient, defined as the frac- 
tion of the incident power scattered backward per unit 
layer thickness of the echoing medium, has been com- 
puted for different rains. This allows the estimation of 
the power received in radar observations of storm clouds 
and rains. The theoretical predictions seem to be con- 
sistent here also with the results of the few recent radar 
studies which tend to show that echoes are due mainly 
to water drops of the dimensions occurring in rains. 

In the introduction a résumé is given of the status 
of microwave absorption by atmospheric oxygen and 
water vapor. With the exception of the resonance re- 
gion of oxygen (resonance wavelength: around 0.5 em), 


“By L. Goldstein, Columbia University Wave Propagation 
Group. 
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this absorption turns out to be of only very limited 
practical importance for waves longer than about 3 to 
5 cm. 


Introduction 


The present report is intended to review the status 
of microwave propagation through rain, clouds, and 
fog. In order, however, to convey a precise idea of the 
total atmospheric absorption, we shall include here 
some of the most important numerical results recently 
obtained ‘on the absorption of microwaves by atmos- 
pheric gases, like oxygen and water vapor.** 

First of all, in medium- and low-altitude fair- 
weather clouds and fogs, with the possible exception of 
heavy sea fogs, the attenuation is of negligible impor- 
tance for longer waves. It may become important at 
shorter waves. For instance, in the K band the atten- 
uation? is 0.28 db per kilometer for each gram of liquid 
water per cubic meter of air. The X- and S-band 
waves are attenuated, respectively, 0.049 and 0.0045 
db/km/g/m. Since in these clouds and ordinary fogs 
the liquid water concentration does not seem to exceed 
1 g/m, these values are very likely upper limits. Actu- 
ally, by halving these numbers one would be nearer the 
true values, inasmuch as liquid water contents reported 
in clouds®® varies between 0.15 and 0.50 g/m®. An in- 
teresting and simplifying feature of cloud and fog 
absorption is the fact that the smallness of their 
water drops, as compared with the wavelength, makes 
the attenuation independent of the drop sizes. The 
cloud and fog attenuation depends linearly on the 
liquid water concentration of the atmosphere, and in 
the microwave region it decreases monotonically with 
increasing wavelength. 

In rains or rain clouds the attenuation does not 
depend directly on the total rate of rainfall, a variable 
so familiar to meteorologists. It is, nevertheless, pos- 
sible to give upper limits to the attenuation per unit 
precipitation rate. These are as follows: 0.16, 0.45, 
0.005, 0.001, and 0.0006 db per kilometer for each mil- 
limeter per hour rate of rainfall, at 1.25-, 3-, 5-, 8-, and 
10-cm wavelengths, respectively. The drops forming 
these rains were supposed to be at temperatures near 
18 C. By imereasing the preceding values by about 30 
per cent one would very likely take care of raindrops at 
lower temperatures, since the absorption increases 
with decreasing temperature of the drops. 

In the computation of attenuation for rains it was 


bThe attenuation values given in this report are always for 
one-way transmission. 


270 ; RADIO WAVE PROPAGATION EXPERIMENTS 


assumed that ideal conditions prevailed throughout the 
rains under consideration. By this was meant that the 
same sample of rain falling, say, over an area of 1 sqm 
would be found anywhere inside the area covered by 
the rain. Such ideal rains seem to be rather simple 
theoretical models. Considerable fluctuations in the 
rate of rainfall over zelatively short distances (1 km 
or less) have been reported.*° These spatial irregular- 
ities of rains exclude any simple interpretation of the 
experimental data on rain attenuations. The computed 
values of attenuation are based on a few data on drop 
size distributions” in rains. 

In Figure 1,? the individual oxygen and water 
vapor attenuation curves have been plotted in the 0.2- 
to 10-cm wavelength range, using the most acceptable 
data available on the position of line centers and line 
widths. Any change in the water vapor content from 
the one adopted for this graph (7.5 g/m* of air or 6.2 
g per kilogram of air) or the total pressure can be 
taken rapidly into account in computing the combined 
oxygen and water vapor attenuations, since the atten- 
uation values are proportional to the partial pressures 
of oxygen and water vapor. For practical purposes the 
effect of atmospheric temperature variations can be 
neglected. 
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Ficure 1. Oxygen and water vapor absorption versus 
wavelength. (1) Absorption due to water vapor in an 
atmosphere at 76-cm pressure containing 1 per cent 
water molecules, or 7.5 g per cu m. The water resonance 
line is assumed to be at 24,000 mr, and its half-width at 
half maximum (line breadth) i is 3, 000 me. (2) Absorp- 
tion due to oxygen in an atmosphere at 76-cm pressure, 
whose resonance band at 60-108 me is supposed to have 
a line breadth of 600 me. 
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Ficurr 2. Atmospheric attenuation for one-way trans- 
mission. (1) Oxygen and water vapor (total p=76 cm 
Hg, 1=20 C, water vapor=7.5 g per cu m). (Van 
Vleck). (2) Moderate rain (6 mm per hr) of known drop 
size distribution. (3) Heavy rain (22 mm per hr). (4) 
Rain of cloudburst proportion (43 mm.per hr). 


In Figure 2 is plotted the totai (oxygen plus water 
vapor) attenuation (curve 1) in an atmosphere at 
76-cm pressure with the same water vapor content 
as the water curve of Figure 1. Curves 2, 3, and 4 are 
rain attenuation curves computed for a moderate rain 
(rate of rainfall 6mm per hour), a heavy rain (22mm 
per hour), and an excessive rain of cloud burst pro- 
portion (43 mm per hour). The corresponding drop 
size distributions were given by Best.** 

In any rain the resulting total attenuation is the 
sum of the gaseous (oxygen plus water vapor) and 
corpuscle or liquid drop attenuation values. 

It is thus seen that for waves of 3 cm or shorter the 
rain attenuation may become prohibitive, whereas the 
gaseous attenuation loses its practical importance at 
waves longer than about 2 cm. The attenuation of rain 
computed in this report extends from 5 cm toward 
longer waves. In the region A = 1.25—5 em, only 
two attenuation values are available,’? at 1.25 and 3 
em respectively. The dashed portions of the rain atten- 
uation curves are thus extrapolations drawn through 
the two computed points. The shape of these extra- 
polated portions of the curves, in view of the decreas- 
ing trend of the computed dielectric absorption values 
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with the wavelength, scems to suggest that the rain 
attenuation might level off or even decrease for waves 
shorter than 1 em. However, without a closer inves- 
tigation of the raindrop absorption in this wavelength 
region, no precise statement can be made on this 
subject. 

As regards the normal atmospheric absorption of 
microwaves, it may be mentioned that the oxygen ab- 
sorption is due to the paramagnetic character of this 
gas. It is through the interaction of the magnetic field 
strength with the magnetic dipole moment of the oxy- 
gen molecule that microwaves are absorbed by this 
gas. In the microwave region the oxygen molecule has 
a resonance line at A = 0.25 em and a band near 0.5 
em, while water vapor seems to have a resonance line 


around 1.25 em and interacts with the radiation field. 


through its electric dipole moment. The whole subject 
has been discussed exhaustively.» 

The study of the scattering of microwaves by rain- 
drops shows that the radar observations of rainclouds 
can be explained satisfactorily if the scattering is at- 
tributed to spherical particles of dimensions similar 
to those of raindrops, even though no rain reaches the 
ground. Recent experimental work**’ has helped 
considerably in clearing up the apparent inconsist- 
ency which previously existed in this subject. 

On the whole, taking into consideration the irregu- 
larities of the precipitation forms in space, it may be 
said that theory provides a fairly good picture of mi- 
crowave propagation through a cloudy, foggy, or rainy 
atmosphere. 

The major object of the present paper is to report 
the theoretical and experimental work done on atten- 
uation of microwaves by liquid or solid water particles 
falling through the atmosphere, as well as clouds and 
fog, which are water and ice particles in suspension 

Theoretical work has thus far been concerned with 
the problem of a plane electromagnetic wave scattered 
and absorbed by a.single spherical or spheroidal par- 
ticle, first studied in detail by Mie* for other purposes. 

The application of the results of Mie to very short 
radio wayes propagated through rain, clouds, and fog, 
i.e., through a swarm of spherical water droplets, was 
made by Ryde.'#1? The present report is, in part, an 
extension of his work using more detailed meteorologi- 
eal data on rains. 

A compact and elegant presentation of the problem 
of absorption and scattering of a plane wave by a 
sphere is given by Stratton.* The method followed 
by him was first used by Lord Rayleigh.*® In the follow- 
ing section a brief review of this method will be given. 


Scattering and Absorption of Radio 
Waves by Spherical Particles 


Let the center of a sphere of radius a be the origin 
of a rectangular coordinate system and suppose a 
plane wave to be propagated along the positive z axis 


and to fall on the sphere (Figure 3). The sphere of 
permeability », (henrys per meter) and complex in- 
ductive capacity «, (farads per meter) is em- 
bedded in a medium of permeability », and inductive 
capacity e,. The plane wave is supposed to be polarized 
parallel to the « axis. 


Vicure 3. Spherical coordinates. 


The electric and magnetic field strengths E;, H, 
of the incident wave (subscript 1) are expanded into 
spherical wave functions.*** The reason for this expan- 
sion lies in the boundary conditions and will appear 
clearly below. 


E; = E, = a, Eye ~# et ot , 


1 
H; = H, = n 4 Eo e ~ihz + iat (1) 

where : 
k = (uew? — jucw)? (2) 


is the complex wave number of the medium (here 
ky = 2a/X, d being the wavelength referred to air or 
free space), the square root is so taken that the imag- 
inary part is negative, and 7 is the intrinsic impedance 
of the medium, or 


1= ee = _ = 377 ohms. (3) 
€ 


2 


The conductivity o is expressed in mhos per meter; 
the frequency o, in radians per second; a, ay, and as 
are unit vectors pointing in the positive z, y, and 2 
directions, respectively. 

The plane wave vectors® 
will now be expanded into spherical wave vectors 
at a point of spherical polar coordinates (7,0,¢). It is 
readily recalled that 


a,e*F and ayes 


18a 


x =rsin 6 cos q, 
y = rsin sin ¢, 
z =r cos 0, (4) 
with 
0<0<7and0<¢S 27. 


°Henceforth the time factor e+! will be omitted, as it 
does not play a direct. role in what follows. 


272 Z RADIO WAVE PROPAGATION EXPERIMENTS 


These spherical vector waves will be denoted by m 
and n. They form complete orthogonal sets whose 
members are defined by the following equations: 
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Here, P1(x) is the first associated Legendre poly- 
nomial of the first kind; i,, i,, and i, are unit vectors 
drawn in the increasing r, 0, and ¢ directions at the 
point (r,0,¢) on the sphere of radius r (Figure 3). 
The vectors i, and i, are tangent to the sphere along 
a meridian and a parallel circle respectively. The 
superscript a takes on two values. In the expressions 
for the incident wave and the transmitted wave inside 
the scattering sphere, it has the value 1, while its 
value is 3 in the expressions for the scattered wave. 

Explicitly, 


2) (x) = (®/2x)*Tn44(x), 


Zz) = (w/2x)tH®, ,(2). @ 


In 44(2) is the Bessel function of the first kind and 
half integer order, while HO) (x) is the Hankel 
function of the second kind and half integer order. 

The expanded field strengths of the incident wave 
are then 


2n+1 
Bs = BoD (jp 21 (ea 4 jl, 
sea n(n-+1) . fae) 
8 
— jp 2+ F (mi? — jai). : 
n(n + 1) ne 


It is seen that the nth expansion coefficient of E, 
into the m waves is (—j)"[(2n-+1)/n(n-+ 1)], 
whereas the corresponding expansion coefficient into 
the n waves is(—)”- j"*1[(2n + 1)/n(n + 1)], ete. 


The radiation field induced by the incident radia- 
tion is composed of the transmitted radiation field 
(E., H:) and the scattered radiation (E,, H,) which, 
at large distances (r) from the scattering sphere, be- 
haves as a divergent spherical wave, whose amplitude 
vanishes as 1/r. 

The scattered and transmitted steady-state fields 
will now be expanded, in analogy with the incident 


field (Ei, H;). Thus, 
—~, . 2n+1 3) 1 ans (3) 
E, = E ear = 3 ‘on b;, De ? 
3 j) Mey aa (a, mon + jbn Den ) 
(9) 
Ey 2n+1 as (3) 
= 7 b, me; m *2on ] > 
ne BD n(n + Ge) Teeotte) 


valid at distances r>a, i.e., outside the sphere in 
medium 2. Clearly in equations (6) and (7), in the 
expressions of m and n, k, replaces.& according to 
equations (5) and (6). 

Inside the sphere (complex wave number k,, in- 
trinsic impedance 7,), the transmitted field is ex- 
panded in the following way: 


2 1 
E, = BA — rel Gt m® + 704, a), 


n(n + 1) (10) 
ntl (1) (1) 
H; saa taaa eS bh mex ‘on 
2 Sir wmap em —ja', a). 


The final determination of the scattered and trans- 
mitted fields is thus reduced to finding the coefficients 
(or amplitudes) a2, 6%, and a‘, bf. 

The preceding formulas permit one to write down 
rapidly the polar components of the different field 
strengths (E;, H;), (E, H.), and (E;, H;). The 
boundary conditions at the surface of the sphere de- 
mand the continuity of the tangential components of 
the total field outside the sphere and the transmitted 
field. If we denote these tangential components by 
subscripts @ or ¢, the boundary conditions take on 
the following form: 


E,+ £3 = Ej,Hj+ HH’ =Hj,r=a. (11) 


hese lead to the following systems of equations for the 
letermination of the coefficients (a°, b%,) and (a, b'): 


a’, 2 (Np) — ak 2 (pr) = 2 (p). — (12) 


mat oe [Ne20 (We)] — mes se? (o)] 


= ap 2 i (e)] ? 
p20}, 2 - p) — mds, 2© (p) = mize (0), 
bn [Np 2 (Np)] 


‘ain ) 


—N bs — soe? (p)] = sleet? (e)], (13) 


where N=4£,/k,, p=k,a and the z(a) and 
2® (x) are the spherical Bessel functions defined in 
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equation (7). Elimination of a‘, from the first pair 
and that of b' from the second pair of these equa- 
tions leads to 


‘ at (Np) [oa (e)]'— rm (pe) [N oa (Np)]’’ 
(14) 


_ mr202(p) [N p20? (N p)’—u2N 22 (Np) Lozn” (e)] 
mre (0) EN pen? (N p)\'—n2N22n” (Np) [zn (e)]! 
The primes at the square brackets stand for differen- 
tiation with respect to the argument of the Bessel 
function inside the brackets. Similarly, eliminating 
a* and 6%, respectively, one would get a’, and b! 


= 


appearing in the field strengths inside the sphere. . 


For the computation of either the scattered or ab- 
sorbed radiation, one needs to know the field strengths 
at a large distance r from the center of the sphere, 
i.e., for r >> a, or kr >> k,a. It is important to notice in 
this connection that the coefficients a, and b, become 
small for n > ka, and the summation over n may 
then be limited to the integer n ~k,a. At great dis- 
tances r, k,r > n; in other words, the order n of the 
terms of importance is less than the argument (k,r) 
of the spherical Bessel functions. Under these condi- 
tions the asymptotic expressions of these functions 
can be used. These are given by*®* 


a 


2 (kr) & == 5 


. n+1 
2)(lir) ae 2 —itkr— 5 ™) (15) 
kr 

From these asymptotic expressions one sees that the 
radial components of the scattered field strengths 
can be practically neglected; they decrease with r as 
1/r?, in contrast with the 6 and ¢ components which 
decrease as 1/r. This means that for large r, the field 
is transverse to the direction of propagation (radia- 
tion zone). Hence, 


E; = H; = 0,r >a, (16) 
and with o, = 0 


; 2n+1 
= nll, =(2) trem nS) Sian 


2 nn tl 
wales an) 
(«: sin 0 ap User cose, 
tad 2 2n+1 (17) 
B= — nity —(f ») Ber : f= n(n +1) 
ee dP P} 7 p 
sing. 
” sin 6 


Since the resultant field at any point outside the 
sphere is obtained by superposition of the incident 
and scattered or reflected fields, one has 


E= E;+E,;H=H,;+H,. (18) 


In view of equation (16), the complex Poynting vector 


associated with this resultant field is radial, so that 


S. = 3 (He Hy* — Ey Ho*), (19) 


where an asterisk denotes the complex conjugate. 
Using equation (18) one gets 


S.= 3 (By Hy" — Ei, Hj") +4 (B4 H3* — Bi, Hy") 
+ 4(HGH,* + Ey H,* — Ey, Ho* — Ey, H5*). (20) 

The first term on the right-hand side is the rate of 

flow of energy in the incident wave and the second 


term is the rate of flow in the scattered wave. The 
total scattered power is then 


2x 
P,= pRe/ ih (Ey Hi,* — Ey H5*) r? sin odédd, 
0 0 (21) 
where Re denotes “Real part of . . .” and the integral 
is extended over the surface of a large sphere of radius 
r. In our case, using equations (16) and (17), one 
gets 


Pi= 5 -Ref ae (| #5 |2-+ | #$| 2) 7?sin ededg. 
(22) 
In the case of an absorbing sphere, the net flow of 
energy across a closed surface around the sphere is 
absorbed energy flow, and it is directed inward. One 
may thus write that this absorbed energy, which dis- 
appears in the form of heat, is 


2n f(r 
Pasi i _ |, (Sa rsin dado. (28) 
0 


Since the integral of the incident flow across a closed 
surface is zero, equation (23) in connection with 
equation (21) leads to the definition of the rate of 
flow of total energy or the power subtracted from 
the beam, i.e., (Pay + P,), as an integral over a closed 
surface of the third term on the right-hand side of the 
radial component S_ of the Poynting vector, equation 
(19). Thus 


2x cr 
Pox Past P= 3(— Re) [ i; 


(Ey H* + EB; Hi,*— E’, Hi* — E%, H5*) r? sin 6dédd. 

(24) 
Substituting equations (16) and (17) into equation 
(24) and remembering that the ¢ integration leads 
one finds, 


2 @o 
P, = 22S Qn +) la, +1640), @5) 
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n=1 


eee 
iL 0 (= F dé sin iad 


2 
= pac il [In(n+1)]?, 


to a factor 7 and that the integrais over products of 
the associated Legendre polynomials P}(z) are dif- 
ferent from zero only in the following combination of 
these products appearing in equations (22) and (24), 
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kone 
We shall also need the fraction of the power scat- 
tered backwards by the sphere, i.e., in the direction 


6 =7, per unit solid angle. One thus obtains, with 
dw = sin 0d6d¢, 


a) E = = a 
‘) ==* Re > D(-) (ntl): 
(¢ O=4 8k, 1, 22 


(— Re) >, (2n +1) @ +8). (26) 


n=1 


P= 


(2m+1) (a—bn) (am*—bm*), (27) 
as a simple calculation shows, starting from equation 
(22). 

It has already been mentioned in connection with 
the definition of the complex wave number, equation 
(2), of a homogeneous and isotropic medium that its 
imaginary part is chosen to be negative. We shall 


write Fela a8. (28) 
where £ is the phase constant and @ the attenuation 
constant; both are real. The explicit expressions of 8 
and «@ in terms of the characteristic electromagnetic 
properties of the medium, namely, inductive capacity 
e, permeability » and conductivity o for the given 
frequency w/2z are the following :1% 


polit sty) @ 
ete yl @ 


With equation (28) the field strength, electric or 
magnetic, in a plane wave propagated in such a 
medium along, say, the z axis, is, omitting the time 
factor, of the form: 


F = Fo ¢-ié—az, 


F, being an amplitude vector directed along either one 
of the two remaining coordinate axes. The attenuation 
factor ~ simply means that in this medium an advance 
of the wave through a distance of 1/a meter is accom- 
panied by a decrease in the field strengths in the ratio 
of 1:e = 0.368, or the power per unit area (Poynting 
vector) decreases in the same ratio over half that dis- 
tance or 1/2a meter. 

In the mks system, the attenuation factor is then 
hepers per meter, whereas the power absorption co- 
efficient is 20a (log,,e) decibels per meter = 8.686a 
db per meter. 

Our problem is the study of propagation in a medi- 
um which is neither homogeneous nor isotropic, inas- 
much as it consists of a suspension of water droplets 
in the atmosphere. It can be proved that in such a 
medium the attenuation factor is the sum of all the 
different partial attenuation factors due to different 
physical phenomena. 

The particle attenuation factor will still be denoted 


by @. More appropriately we might call « the average 
particle attenuation factor. It may be defined as 


@ =5NQ: neper per unit length, (31) 


where N is the average number of water drops per 
unit volume and Q; the total cross section of one 
droplet. The absorption effect of one spherical water 
drop is given by Q which is the ratio of the power P; 
removed by the drop from the beam falling on it to 
the incident power per unit area. Provided the effect 
of all the drops be linearly additive, equation (31) 
will express their average attenuation effect. The 
incident power density is the complex Poynting vector 
of the beam 

pee (32) 

2n2 

Therefore, with equations (3) and (26), 


r? . ; 
Q.=5-(—Re) X (2nt1) (ah +5:), (83)! 
Ls n=1 
where A = 27/k, is the wavelength of the radiation 
in air or free space. Similarly the cross section for 
scattering is, with equation (25), 


Ie SS e124 152 
Q.= = DL Ant) (lawl*+/onF). 84) 
n=1 
The differential cross section for back scattering (or 
radar cross section) is then, with equations (27) and 
(32), 


(*)o— n= a(n) 
w (2)'Re > x (=) en+1) 


(2m+1) [a,a%,*+-b,b,*—2a,b,,*]. (35) 


These are the formulas on which the computations of 
attenuation have been based. They are certainly cor- 
rect in the wavelength region 1 cm to 100 cm with 
which the present study is mainly concerned, and they 
correctly take into account the linear dimensions of 
the scattering and absorbing particles. According to 
Brillouin? these formulas have to be modified in the 
limit A < a, in which case for perfect reflection they 
lead to a scattering cross section 2a, double of the 
expected geometrical cross section. Since the modifica- 
tions mentioned do not play any role for A > 3a/10, 
which condition will always be satisfied in the present 
report, they will not be discussed here. 


4The minus sign is missing in the presentation in reference 
18a; see formulas (26) and (29) on page 569. This leads to the 
incorrect result, for nonabsorbing spheres, that the scattering 
cross section Q, reduces in this case to the negative of the 
total cross section Q;. Clearly Q; reduces to +Q;. 


DIELECTRIC CONSTANT, ABSORPTION AND SCATTERING 275 


The Scattering Amplitudes 
a’ and b’, 


The scattered fields (E,, H,) outside the sphere 
and the transmitted fields (E,, H;) inside are due to 
forced oscillations of the sphere caused by the in- 
cident field (E;, H;). The fields (E,, H,) and (E;, 
H,) given by equations (7) and (8) can be regarded 
as due to electric and magnetic 2"-poles (n = 1 cor- 
responds to dipoles, n = 2 to quadrupoles, ete.) in- 
duced in the substance of the spherical particle. In 
the steady state these poles oscillate with the fre- 
quency of the incident radiation field. When this fre- 
quency approaches a characteristic frequency of the 
free vibrations of the electric or magnetic 2"-poles of 
the sphere, resonance will occur. It can, indeed, be 
shown that the amplitudes u, are associated with 
vibrations of magnetic poles and the b,’s with vibra- 
tions of electric poles. The characteristic frequencies 
of the free vibrations of magnetic poles of a sphere 
are determined by a condition which annuls the de- 
nominator of a,, those of electric poles by a condition 
which annuls the denominator of 6,, given by equation 
(14).78® The characteristic frequencies of the free 
vibrations are, however, complex in contrast with the 
real frequency of constraint of the radiation field 
falling on a sphere, as in the present case. The de- 
nominators of the amplitudes a, and 6,, although re- 
duced, can never become zero, and there are no diffi- 
culties caused by resonance. 

A glance at the formulas (14) shows the com- 
plexity of the amplitudes a, and 6,. An exact com- 
putation of these coefficients is out of the question on 

“account of the lack of tables of Bessel and Hankel 
functions of complex argument in the range needed 
here. They reduce to simple expressions in the limit 
when the parameter p = 2ra/A <1. In the present 
work we shall be mostly interested in the cases where 
p <1 or p <1. In these cases a series expansion of 
the amplitudes in ascending powers of the parameter 
p can be used. With the expansions of the spherical 
Bessel and Hankel functions 


Cj) A ee Gee as 
ae 2 am oan 
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(=e Cosa ae 
m!(2n+2m+1)!° 
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used in equation (14), one is lead to the following 
amplitudes, keeping the first few terms of the ex- 
pansions and assuming p, = py, i.e., the equality of 
the permeabilities of the medium and the sphere: 


Since henceforth we will deal only with the scattering co- 
efficients a§, b’, we will omit the superscript s. 


nh — j2m( n! ye pints. 
(2n+1)!7 2n+3 
N?-—1 
1 2 pe +... 
[ +0(T— a) ip Ge) 
at 


b, =—jam( 4 
(2n + 1)! 


N*+1 


2n + 1) (n+ 1) (N?— 1) 
= as ep. ae) 
(2n + 1) [ (2n—1) N?—n—1] 
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From these expressions one derives at once the ex- 
plicit formulas representing the induced magnetic 
dipole (a,), electric dipole (b,), and electric quad- 
tupole (b,) amplitudes. One has, then, neglecting 
powers of p higher than the sixth, 


ey aNee eal 3.N2—2 
iy ee ed lis 2 
3 N?+2 5 N?+2 
2j N?—1 :) 
ea 38)! 
5 42? , (38) 
and 
aaa Nora! ae 
1~ Gi ONeaoe 


It would appear interesting to present the relation- 
ships connecting the amplitudes of the electric and 
magnetic poles a, and 6, with those appearing in the 
treatment of Mie which was used by Ryde.*7 The 
magnetic and electric amplitudes in Mie’s notation 
are respectively p, and d,, and the relationships in 
question are the following: 


padic = (—)"j (2n + 1) an, 
a,Me = (—) "17 (2n+1)b,. (89) 
Finally the formulas (38) can be transformed so 


‘Some misprints and slight errors in the expressions for 
these amplitudes may be.noted in reference 18a. On page 571 
in the formula (35) and in the denominator of the coefficient 
of p%, read (2n + 2) instead of (2n + 1). In the formula (36) 
the minus sign on the right-hand side is missing. In reference 
18a, bi” and 627 have the wrong sign and the p® term in b;” 
is incomplete. Itis recalled that +7 has been replaced through- 
out this report by —j. 
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as to have the real and imaginary parts of the ampli- 
tudes separated easily. The refractive index N of the 
spheres is connected with their complex dielectric 
constant by 


ee = N? Cr le Jéiy (40) 
or with 


N =n (1— jx), (41) 
the complex index of refraction, one has 
e, = n? (1—x?); 6; = Qnx. (42) 


Using equation (40) in the amplitudes (38) one 
gets 


1 i 
Oh Fe [—e¢—jle—1)]p%, 


— 2; 2 
f= Geeayereat need 
[ (e + 2) (Ze, — 10) + 7e,?] had: 
Geach 9 
(e-—1)?(- +2)? +€2[2(c-— 1) (-+2)—9] +e , 
[( +2)? +e]? ieee 


Imp, = —2@ = VG@+2) +e? , 2 


BR Gao © B 
(e-— 1) (e-—2) (e--+2)?+ €,?7[2(€-+1)?— (3e-+20)]+-€,4 ; 
[(e + 2)? + €:7] ? 
id. 8« L(- — 1) (+2) +67] -*, 
3 [ (e- + 2)? + e,?]? 
pp = ELST LG/S) [= V) er +38) + 24) 
3 (2e, + 3)? + 4e2 ; 
(43) 
These amplitudes are the same as those found by 
Ryde. They allow the computation of attenuation 
and back scattering with a certain approximation. 
The results thus obtained are the more accurate, the 
smaller the parameter p = 27a/X. 

In the computation of the amplitudes a, and 6, 
we have used the same values of the real and imag- 
inary parts of the dielectric constant of water «- and 
e, as the ones used by Ryde. These were obtained by 
using the Clarendon Laboratory values for «, and ¢ 
for waves of 1.26-cm wavelength?’ and determining 
with them the transition wavelength A, in the Debye’® 
formulas 


iy PN 
= fo toe my e = > (@ = €or); (44) 
r 


ed, = 1.33, ¢, = 81, do= 1.59 cm. 


£In his first report Ryde!” gave incorrectly the coefficients 
of p® in both the real and imaginary parts of b;. The coefficient 
of p® in the real part was corrected in the second report. In 
comparing the b,’s with the amplitudes given by Ryde, the 
relations (38) have to be taken into account. 


Tasie 1. Values of the dielectric constant of water at 
t — 18C, used in this work.* 


A, cm €r 6 = 60cr o mhos/m 
1 24.2 35.6 5.93 x 10 
1.26 32.5 38.6 5.11 x 10 
1.62 43.3 39.5 4.13 x 10 
2 50.6 38.5 3.20 x 10 
2.5 58.2 35.9 2.39 x 10 
3.0 63.6 32.7 1.81 x 10 
4.0 70.3 27.2 1.13 x 10 
5 73.8 22.7 7.56 
6 76.0 19.3 5.36 
8 78.0 15.1 3.15 
10 79.0 12.3 2.05 
15 81 8.40 9.33 x 107! 
20° 81 6.30 5.25 x 1071 
30 81 4,20 2.33 X 107! 
50 81 2.52 8.40 x 107? 
75 81 1.68 3.73 X 1072 
100 81 1.26 2.10 x 107? 


*The computations of the attenuation and scattering effects are all 
based on this table and refer therefore always to temperatures of about 
18C, unless stated otherwise. 


Taste 2. Temperature variation of the dielectric 
constant of water (K band). 


Degrees C €r Ci 
Water 3 27 27 
25 35 23 
60 44 14 

Iee —15 3.3 0.011 


The values of ¢, computed with these formulas happen 
to be in fair agreement with the experimental values 
obtained by a large group of independent workers.*”?? 
Yhere seems to be a regrettable situation concerning 
the values of ¢;, and no serious studies have been made 
on the temperature and frequency variation of this 
quantity, so fundamental for the microwave region. 
A beginning in this direction has been undertaken by 
the Radiation Laboratory. In Figure 4 we have 
drawn the curves ¢,(A) and (A) in the range 1 to 11 
em, and Table 1 gives the values of the dielectric con- 
stant used in this work in the wavelength interval 1 
to 100 cm. 

It is interesting to consider here the temperature 
variation of ¢,. Recent measurements made in the 
Radiation Laboratory in the K band” gave the results 
shown in Table 2. 


Figure 4. Dielectric constant of water (t—18C) e,= 
Jet 
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As might have been expected, the dielectric absorp- 
tion « increases with decreasing: temperature. 

With the above values of ¢, and « the computation 
of the amplitudes a, and 5, is straightforward. The 
amplitudes a, and b, have the form 


a= Dd (a + ja) pl, (45) 
l=2n+3 

b= D>, (6° +58) ol. (46) 
l= 2n+1 


Thus we let «,*) denote the real part of the coeffi- 
cient of p° in a, and a, its imaginary part. Similarly, 
B, ©), B,@) are the real and imaginary parts of the co- 
efficient of p* in b,, etc. 

As equation (43) shows «,() anda,‘ are directly 
proportional to (—«) and (¢,—1) respectively. As 
the wavelength increases, a,‘°) changes approximately 
from —0.9 to —0.03 after passing through a shallow 
minimum on account of the variation of «. In the 
same interval a, 5) increases from about 0.5 to 1.8. 

£,©) turns out to be practically negligible, in com- 
parison with B®, which is almost constant in this 
wavelength range. 8,(°) and B,©) behave similarly. 
With £,© and B,©) the roles are inverted. 

Finally 8, and 8, both vary in the range under 
consideration. 

As a Tule, those coefficients of the powers of p ( = 
mD/) (DP = diameter of the sphere) which do not 
contain terms in ¢, and powers of ¢, separately in the 
numerator, but only the products «, «, and powers 
of «, are considerably smaller than those which do 
contain ¢, and its powers separately. 


The Attenuation of Radio Waves 
by Spherical Raindrops* 


The knowledge of the coefficients a, and b, allows 
finally the computation of the absorption cross section 
for any spherical water drops of given diameter D at 
those temperatures where the amplitudes can be 
computed. 

The absorption coefficient becomes, with the cross 
section found above, [equations (33) and (43) ], 

2 —s 
a = 0.4843 x 10° (Cre Donner) 
n=1 
db per kilometer. (47) 

In our approximation for the amplitudes, we may 
write 
a= 0.4343 x 108 S7NV 


(c1 + cop? + cap? + + ++) 
db per kilometer (48) 


*The attenuation values given in this report refer always 
to one-way transmission and are additive to the free space 
attenuation. 


where N is the number of spherical drops, each of 
volume V per cubic centimeter, \ is the wavelength in 
centimeters of the incident radiation. The parameter 
p is, as above, rD/d, D being the diameter in centi- 
meters of a drop, and the coefficients c,, c,, cs, --+ are 
the following functions of the wavelength, the tem- 
perature of the drops being taken as a constant (t~ 
18 C), 


ey 6e; 
ss (6-2)? + €?’ 
€; 5 € 

@= 357 3 @c43)*44e2 
6 €:[(é- +2) (Ze, — 10) +77] 
5 [(e--+2)?+e:7]? 

oe 4 (e— 1)?(e,+2)?+€,7[2 (6-— 1) (e,-+2)—9] +e;4 Es 

“PS [(é-+2)?+e,7] (49) 


It is possible to give the attenuation formula another 
simple form by noticing that NV is the total volume 
of water per cubic centimeter in the form of drops or 
10° NV is the total volume of water per cubic meter. 
Since the density of water is 1 g per cubic centimeter, 
numerically, the quantity 10° NV is the mass m of 
liquid water per cubic meter, in air. The transformed 
attenuation formula becomes finally 


a= 4.092 (c:+ cp?+ csp? +++) db per kilometer. 

(50) 
Tt is seen that when p= zD/d <1 so that all the 
terms in the expansion in equation (50) are small in 
comparison with c;, the attenuation factor reduces to 


4,092 me, 24.55 mes 
ints a eOue) mu Ana GD Eres 


db per kilometer. (51) 


Hence, when the diameter of the water drops is very 
small in comparison with the wavelength of the inci- 
dent radiation, the attenuation does not depend on the 
size of the drops but only on the total mass of liquid 
water per unit volume contained in the air. It is in- 
teresting to find, for a given wavelength, the largest 
diameter for which the approximation (51) can still 
be used in practice. If it is practical to use (51), (as 
in reference 12), for 


CO 
<< 2 
Cop) S55’ (52) 
then in order that (51) shall represent the attenuation 
factor within 10 per cent, the diameter of the spheres 
must (for given A), be equal to or less than D, with 


a 
ID), = aM ei cm. (53) 
; (2) 


In Table 3 appear the values of c,, c,, and D, in the 
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TABLE 3 
A, em C1 C2 D.cm 
1 0.109 2.53 0.0656 
11 0.0994 2.60 0.0680 
1.26 0.0862 2.69 0.0713 
1.5 0.0730 — 2.73 0.0774 
2 0.0543 2.64 0.0906 
3 0.0365 2.23 0.121 
4 0.0273 1.85 0.154 
5 0.0217 1.54 0.187 
6 0.0179 1.31 0.222 
8 0.0137 1.01 0.293 
10 0.0110 0.835 0.363 
15 0.00724 0.570 0.534 
20 0.00541 0.427 0.712 
25 0.00437 0.342 0.892 
30 0.00364 0.285 1.07 
50 0.00219 0.171 1.78 
75 0.00146 0.114 2.68 
100 0.00109 0.085 3.57 


wavelength range 1 to 100 cm. The values of ¢, are 
not included, since this coefficient turns out to be 
practically constant, in this range, increasing from the 
value of 1.224 for A = 1 cm to 1.239 for A = 100 em. 

It is evident that for values of p which are not too 
small, equation (48) or (50) has to be used. When 
pis sufficiently close to unity these series cease to give 
any good values of the absorption cross section Q: or 
the attenuation factor a In the K and X bands, Ryde 
and Ryde’ have, therefore, computed the attenuation 
factors exactly. These computations were included 
(without being checked) in Tables 4 and 5, where Q; 
and « have been computed for a series of drops ranging 
in diameter from 0.05 to 0.55 cm. For wavelengths 
\ => 5 cm, the three-term series expansion (48) was 
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used. It is expected that at these shorter waves, where 
the critical diameters are smaller than the drop diam- 
eters mentioned, the cross sections and attenuation 
factors given in the tables will be but fair approxima- 
tions of the exact values of these quantities. 

The range of values of p covered by these tables ex- 
tends from about p = 0.0016 to p = 1.4. In Figures 
5 and 6 two families of curves are drawn giving 
Q: (A) p and @(A) p/N, the diameter of the drops being 
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Fiaure 5. Absorption cross section, Q;, and attenua- 
tion constant, a, of spherical water drops as a function 
of the wavelength. The abscissa gives the wavelength, 
A, in centimeters. The right-hand ordinate scale gives 
logio (a/N), where a/N, the attenuation constant in a 
rain with 1 drop per cu cm, is expressed i in decibels per 
kilometer. The numbers on the curves give the diameter, 
D, of the drops in centimeters. The left-hand ordinate 
seale gives logio Q, with Q, being expressed in square 
centimeters. 


Taxsie 4. Absorption cross section Q; (em?) of water drops with diameter D (cm). 


Ne D, cm ‘ 
A,em\ _ 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 
1.25 |6.1910-5 9.6010-4 5.661078 1.891072 5.041072 1.13107! 2.15107! 3.66107! 5.6610-! 7.6210 1.01 © 
3 9.1910-§ 1.521074 1.301078 5.5310-8 1.631072 3.731072 6.65107? 1.08107! 1.52107! 2.1510-1 2.72107 
5 2.8410-§ 2.751075 1.2010-4 3.7910-4 9.8510-4 2.24108 4.591078 8.6810°S 1.5410-2 2.591072 4.181072 
8 1.0910-§ 9.4910-§ 3.651075 1.021074 2.40104 4.981074 9.631074 1.741078 2.9710°8 4.851073 7.63 10-S 
10 6.90 10-7 5.8410-§ 2.1610-5 5.7610-5 1.461074 2.591074 4.8110°4 8.441074 1.4010-% 2.251078 3.47 10-3 
15 2.9810-7 2.4510-§ 8.6610-§ 2.181075 4.591075 8.6510-> 1.511074 2.511074 3.981074 6.101074 9.06 10-4 
20 1.6710-7 1.3610-§ 4.7110-@ 1.1510-5 2.3610-5 4.3110-5 7.2910-5 1.1710-4 1.781074 2.6610-4 3.8510-4 
30 7.3610-§ 5.9310-7 2.0210-§ 4.8810-§ 9.741078 1.731075 2.831075 4.381075 6.4810-5 9.291075 1.3010-4 
50 2.6710-§ 2.141077? 7.2710-7 1.7310-§ 3.4110-§ 5.9610-§ 9.57107 1.4510-5 2.0910-5 2.931075 3.97 1075 
75 1.1910-§ 9.4410-8 3.211077 7.631077 1.49107 2.6010-§ 4.15107 6.2310-% 8.941076 1.241075 1.661075 
100 6.7710-® 5.4110-8 1.8310-7 4.341077 8.501077 1.471076 2.3510-§ 3.51107 5.0210-® 6.9210-6 9.27 10-6 


Tasie 5. Attenuation a/N (db/km) in fictitious rains with a concentration of one drop per cubic centimeter of D cm 


diameter. 
D, cm 
Ny ONG 0.05 0.10 0.15 0.20 0.25 0.30 <= 0.35 0.40 0.45 0.50 0.55 
1.25 2.69 10 4.17102 2.46108 8.23108 2.19104 4.90104 9.33104 1.59105 2.46105 3.31105 4.37105 
3 3.99 6.6110 5.63102 2.40108 7.08103 1.62104 2.89104 4.68104 6.61104 9.33104 1.18105 
5 1.23 1.1910 5.2210 1.65102 4.28102 9.72102 1.99108 3.77108 6.69108 1.13104 1.81 104 
8 4.731071 4.12 1.59 10 4.43 10 1.04.102 2.16102 4.18102 7.54102 1.29108 2.10108 3.31103 
10 2.99107! 2.54 9.37 2.5 10 6.35 10 1.12102 2.09102 3.66102 6.09102 9.76102 1.51108 
15 1.30107! 1.07 3.76 9.47 1.9310 3.7610 6.5810 1.09102 1.73102 2.65102 3.93 103 
20 7.2610-2 5.89107! 2.04 5.02 1.03 10 1.87 10 3.1710 5.0710 7.7310 1.1510? 1.67102 
30 3.2010-2 2.57107! 8.79107! 2.12 4,23 7.50 1.2310 1.9010 2.8210 4.0410 5.6310 
50 1.1610-2 9.291072 3.1610-! 7.531071 1.48 2.59 4.16 6.29 9.10 1.2710 1.7210 
75 5.1610-§ 4.1210-2 1.3910-! 3.31107! 6.49107! 1.13 1.80 2.70 3.88 5.37 7.21 
100 2.9410-8 2.3510-2 7.9310-2 1.89107! 3.69107! 6.40107! 1.02 1.53 3.01 4.03 


2.18 
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Ficure 6. Absorption cross section, Q;, and attenuation 

constant, a, of spherical water drops as a function of the 

drop diameter. The abscissa gives the drop diameter, 

D, in centimeters. The right-hand ortimate scale gives 

logis (a/N), where «/N, the attenuation constant in a 

rain with 1 drop per cu em, is expressed in decibels per 

kilometer. The numbers on the curves give the wave- 
length, , of the incident radiation in centimeters, The 
left-hand ordinate scale gives logio Q,, with Q; being 
expressed in square centimeters. 
kept constant, and Q;(D), and 2(D),/N, the wave- 
length of the radiation being kept constant. Since our 
computations cover the range from X = 5 cm, we have 
extended our curves on Figure 5 so as to cover the K 
and X bands, using the values of the cross sections and 
attenuations given in these bands by Ryde and Ryde. 
Their data are represented again in the upper curves 
of Figure 6. 

We are now prepared to apply these results to 
meteorological phenomena and shall, for this purpose, 
give a summary of typical data on clouds, fogs, and 
rains to be used in this work. 


Typical Data on Clouds, Fogs, 
and Rains 
To compute the attenuation due to the different 
forms of condensation demands a knowledge of the 
water drop size distributions and their volume concen- 
tration. Indeed, if such a form of condensation con- 
tains N;, droplets per cubic centimeter having a diam- 
eter of 4 cm, with & varying from, say, 0 to s, then the 
attenuation factor due to this form will be the sum 
of the attenuation factors associated with each of the 
different drop groups with diameter of 1, 2,---,---, 
++-,7,---,8 cm. In other words, 


Sota = >, ox = 0.4343 X10° >, NeQux 
k=0 k=0 


db perkilometer, (54) 


according to equation (31), where WN; is the number 
per cubic centimeter of the drops &, and Q;,, is the 
total absorption cross section in square centimeters 
of one spherical water drop of diameter k cm. 


It was shown above that theory allows a precise com- 
putation of the cross sections Q;, provided the dielec- 
tric constant of water is given at the temperature of 
the drops. The concentration of NV; is a purely meteor- 
ological datum and must be obtained experimentally. 
As far as as the writer is aware, data on drop concentra- 
tions and drop size distributions are extremely scarce, 
and it appears that no systematic researches have as yet 
been undertaken for the purpose of obtaining such data. 

Recently, observations were made available on drop 
size distributions in clouds of different types.*.° The 
main results of interest to the attenuation problem are 
that in clouds of different altitudes the diameter of 
the drops does not seem to exceed 0.02 cm. The liquid 
water content of the clouds examined by Mazur® varied 
between about 0.15 and 0.50 g/m*. The results of 
Diem§ are, on the whole, similar. 

Some data on ice clouds are included in Best’s 
memoranda.** 

Data on fogs are extremely meager. The diameter of 
fog droplets appears to be of the same order of mag- 
nitude as those of liquid water clouds.”*?> Humphreys, 
in his table of precipitation values, gives 0.006 g/m 
as the liquid water content in fog. 

The data on rains used in this report are those from 
reference 11. For additional data recently collected 
see reference 26. 

The most important set of data which is directly 
usable in this work is contained in Table 6. In the 
last row of this table p is the precipitation rate or rate 
of rainfall, expressed in millimeters per hour, and 
results directly from the total volume of water fall- 
ing per square meter per second, since p = 36 X 
10+V, where V is expressed in cubic millimeters per 
square meter per second. 

Rains 1 and 2 refer, according to Best,! to a rain 
looking very ordinary, falling over a large area. Type 
3 is a rain with breaks and sunshine. Type 4 corre- 
sponds to the beginning of a short rainfall like a 
thundershower. Type 5 refers to a sudden rain from 
a small cloud, associated with a calm, sultry atmos- 
phere. Type 6 was a violent rain like a cloudburst with 
some hail. Types 7, 8, an 9 are for the heaviest period 
and the period of stopping of a continuous fall which 
at times took the form of a cloudburst. The preceding 
characteristics of the rains in Table 6 are quotations 
from the paper of Best. 

‘These data on drop size distributions are the only 
data available to the writer. Clearly the rate of rain- 
fall cannot be correlated from these data to any drop 
size distribution. A priori, it seems unlikely that a 
strict correlation between drop size distribution and 
tate of rainfall should exist. To a rain of given drop 
size distribution corresponds necessarily a determined 
tate of rainfall, but the reverse is not true, since a 
given rate of rainfall might be obtained with a large 
variety of drop size distribution.1° In other words, 
the drop size distribution is the only physical charac- 
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Tasiz 6. Drop size distributions in rains. 


Number of drops/m?/sec in nine different types of rain 


D, cm 1 2 3 4 5 6 7 8 9 
0.05 1,000 1,600 129 60 100 514 679 i 
0.10 200 120 100 280 50 1,300 423 524 233 
0.15 140 60 73 160 50 500 359 347 113 
0.20 140 200 100 20 150 200 138 295 46 
0.25 sie 29 20 0 0 156 205 7 
0.30 57 200 0 138 81 0 
0.35 0 0 0 28 32 
0.40 50 0 0 20 39 
0.45 : 200 101 rae 0 
0.50 sie Bae 25 

Total No 
of drops 1,480 1,980 488 540 500 2,300 1,840 2,180 500 
Total 
volume 
mm!/m?/sec 1,005 1,112 1,656 681.2 5,258 11,970 9,535 6,298 4,236 
p mm/hbr 3.6 4.0 6.0 2.46 18.9 43.1 34.3 22.6 15.2 


teristic of a rain as far as attenuation and back scat- 
tering (echo) of radiowaves are concerned. 

In any one location, even the drop size distribution 
of a rain is but an instantaneous characteristic of that 
rain. No data are available concerning the fluctuations 
in time of drop size distribution. 

The space distribution of raindrops is another prob- 
lem on which too few data are available. According 
to Kerr and Rado,’® K-band rain absorption experi- 
ments over a relatively short path (~4km) have shown 
that the simultaneous rates of rainfall at three points 
ot such a path were almost invariably appreciably 
different. The rates were measured at the location of 
the transmitter, the receiver, and at a point in be- 
tween. Needless to say, under such circumstances the 
possibility of a quantitative interpretation of the ex- 
perimental data on attenuation is almost excluded. 
It may be mentioned here that the earlier attenuation 
experiments on 1-cm waves by Robertson and his col- 
laborators?’ as well as those of Mueller® on K/2 band 
were made over a shorter path (about 400 meters) 
and the rate of rainfall was measured only at one 
place, roughly in the middle of the path. Since the 
path length of the Oxford workers”® was 2 km, there 
was ample room for vossible fluctuations in the rate 


of precipitation. The K-band radar transmission 
studies by the Bell Telephone Laboratory workers 
were made over longer paths,”® and here, too, a situa- 
tion somewhat similar to those reported by the Radia- 
tion Laboratory workers might have existed, as the 
authors duly noticed it. 

The meteorological irregularities which thus seem 
to be inherent in precipitation data eliminate the pos- 
sibility of a quantitative theory of attenuation and 
back scattering of radiowaves by rains or other pre- 
cipitation forms. Although the data contained in 
Table 7 are used extensively in this report, the re- 
sults thus obtained should be regarded as semiquan- 
titative indications rather than rigorous theoretical 
predictions. 

Given the number of raindrops of known dimen- 
sions falling over a certain area in a given time and 
given also the terminal velocity of the drops, the 
spatial concentration of raindrops can be derived at 
once. In Figure 7 the terminal velocity curve is drawn 
as a function of drop diameter. These velocities were 
measured at Porton and are quoted in Best’s paper.** 

From Table 6 we may obtain data for Table 7, 
giving raindrop concentration NV; of drops with diam- 
eter k—=D cm. These concentrations, as are the data in- 


TasLe 7. Number of raindrops per cubic meter in rains of different precipitation rates. 


Distribution 
A B Cc D E F G H I 
p, im/hr 
D, em 2.46 3.6 4.0 6.0 15.2 18.7 22.6 34.3 43.1 
0.05 28.5 476 752 61.4 "3.33 Bees 323 245 47.6 
0.10 71.8 512 30.8 25.6 59.7 12.8 134 108 333 
0.15 31 27 11.4 14 21.5 9.52 66 68.4 95.2 
0.20 3.13 22 31.2 15.6 7.2 23.4 46.1 21.6 3h2 
0.25 2.76 S65 on0 4.0 0.96 0 28.3 21.5 0 
0.30 990 500) sete 7.2 0 25.3 10.2 17.6 0 
0.35 500 Seis p00 090 3.83 0 3.35 0 0 
0.40 4.48 5.75 2.3 0 0 
0.45 0 ooo Sais 11.3 22.5 
0.50 060 000 2.71 5 as A 
a | ce es 
Liquid water 
g/m 0.130 0.439 0.217 0.242 0.521 0.673 0.930 1.25 1.55 


a 
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Figure 7. Terminal velocity of raindrops (experi- 
mental). 


cluded in Table 6, may be regarded as characteristic 
for rains of the indicated precipitation rate, but they 
are not necessarily typical for those rains. Also given 
is the liquid water content of the atmosphere as- 
sociated with the rains of Table 6 and its graphical 
representation in Figure 8. The curve drawn on this 
graph should not, however, be considered as represent- 
ing any functional relationship between the liquid 
water concentration of the rainy atmosphere and the 
rate of rainfall. It can indeed easily be proved that 
the liquid water concentration associated with a rain 
depends only on the fractional precipitation rates of 
the different drop groups. It does not depend directly 
on the total rate of rainfall. Any rain of given total 
precipitation rate can be built up by a number of drop 
size distributions which determine different liquid 
water concentrations in the atmosphere. This means 
that it is theoretically incorrect to draw a graph entitled 
“Liquid Water Concentration versus Rate of Rainfall”, 
as is frequently done. A curve so drawn can however be 
of considerable practical value when rough concentra- 
tions corresponding to given rates of rainfall are 
desired. 

It can be seen that the resulting liquid water dis- 
tributions are in fair agreement with those reported 
by Humphreys in his table of precipitation values”® 


MASS OF LIQUID WATER ING PER CU M 


PRECIPITATION RATE IN MM PER HR 


Ficure 8. Computed liquid water distribution (em3/ 
m§ or g/m’) based on experimental drop size distribu- 
tions in different rains. The slope of the straight line 
approximation is 0.038 g/m*/mm/hr. 


already mentioned. It may be added here that aloft 
and in certain parts of rain clouds, where considerable 
updraft exists, the drop concentrations may be ex- 
pected to be larger than those derived from Table 6. 

These data will now be used in the computation of 
attenuation and back scattering by the different pre- 
cipitation forms, assuming always ideal conditions 
and leaving aside the above-mentioned irregularities 
in space. For reasons stated above, theoretical results 
are significant only with regard to orders of magnitude. 


Attenuation by Idealized 
Precipitation Forms 


The data included in the preceding section show, 
first of all, that in clouds and fogs the attenuation 
can be given rigorously. Indeed, Table 3 indicates 
that the critical diameter even for waves of 1-cm 
wavelength is over 0.06 cm. Since we have seen that 
in clouds and fogs the drop diameters never exceed 
0.02 cm, it appears that formula (51) is applicable, 
and the attenuation of all waves of wavelength A > 
1 cm is independent of the size of the drops. Further- 
more, taking m =1 g per cubic meter in formula 
(51) one probably obtains an upper limit for the 
attenuation of these waves.’ In Figure 9 the atten- 
uation is plotted down to A = 0.2 cm. The dielectric 
constant of water has been computed in this range by 
using the Debye formula for wavelengths A > 1 cm. 
Clearly the attenuation in fogs and clouds even in 
the region A ~ 1 em is not of great importance ex- 
cept for long ranges and radar observations. The 
attenuation becomes negligible for waves with A > 
10 cm. 

Table 3 also shows that the attenuation becomes 
practically independent of the drop size distribution 
for wavelengths equal to or larger than about 20 cm. 
In the 5- to 20-cm range the three-term formula 
(48) or (50) in connection with (54) will represent 
fairly well the attenuation in different rains, with 
increased accuracy at longer wavelengths. Below A 
= 5 em this formula is inapplicable, but there Ryde 
and Ryde’s'* exact attenuation values are available. 
The attenuation formula in a rain, as given by equa- 
tion (54), can be transformed easily to another form. 
If p; denotes the partial precipitation rate of the drops 
of & cm diameter in a given rain of total precipitation 
tate p, then clearly, 


p= > Pe (55) 


k=0 


s being the diameter of the largest drops in this rain. 
Now 


pe = 3.6 X 108 Vv. N. mm per hour, (56) 


iAttention may be called to the absence of data on the 
liquid water distributions in heavy sea fogs. 
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Figure 9. Attenuation factor in liquid clouds and fogs. 
t=18 C. 


where V; is the volume of a raindrop of & em diam- 
eter, v; is its terminal velocity in meters per second 
and N;, is their number per cubic centimeter. The 
attenuation of a rain of total precipitation rate p is, 
then, according to equation (54), 


_s _ 0.4343 5 iQue 
yp = S on(pe) = 3.6. » Wan 


k=0 k=0 


db per kilometer, (57) 


after substituting N, from equation (56) into (54). 

For a given wavelength A, the ratio Q:4/Vivz is a 
constant characteristic of drops whose diameter is k 
em. This ratio will be denoted by g,. The attenuation 
formula then becomes, finally, 


ap= 0.126 >, Dede, (58) 


k=0 
which shows that the attenuation in rains of a total 


precipitation rate of p mm per hr depends linearly on 
the individual precipitation rates p, of all the drop 
groups & which build up this rain. The attenuation 
does not depend directly on the total precipitation 
rate p. The points representing the experimental ob- 
servations in the coordinate plane (a,p) should cover 
a certain region of this plane, but no single curve 
a(p,) exists, since there is no direct relationship be- 
tween ~ and p. A curve drawn in this plane is sig- 
nificant only in so far as it permits one to predict a 
possible attenuation value in any rain of given pre- 
cipitation rate or vice versa. 

It is, however, possible to draw in the (a,p) co- 
ordinate plane a straight line which, at a given wave- 
length, will represent the theoretical upper limit for 
the attenuation. Indeed, using Table 6 for the attenua- 
tion in fictitious rains with a distribution of one drop 
per cubic centimeter, and Table 9, giving the precipi- 
tation associated with the same fictitious rains, one 
may compute the ratio %,/p; for any such rain formed 
by a single group of drops of diameter & cm and the 
precipitation rate p; of the same rain. This ratio for 
a given wavelength A of the radiation varies with k, 
the diameter of the drops, and in the diameter range 
0 to 0.55 em this ratio takes on an optimum value for 
a certain diameter D. This, then, is the slope of the 
straight line in the (a,p) plane which determines the 
theoretical upper limit ¢max of the attenuation in any 
rain of total rainfall p. 


Taste 8. Precipitation rates p/N in fictitious rains 
with a concentration of one drop per cubic centimeter. 


Drop diameter D, cm p/N mm/hr 
0.05 4.99 x 10? 
0.10 7.34 X 108 
0.15 3.34 x 104 
0.20 9.6 x 104 
0.25 2.14 x 105 
0.30 4.08 x 105 
0.35 6.76 x 105 
0.40 1.05 x 106 
0.45 1.54 x 106 
0.50 2.17 x 108 
0.55 2.92 x 106 


The different steps taken in computing the total 
attenuation equation (58) in a rain of total rate of 
fall of p mm per hour appear in Figure 10 where the 
drop size distribution and the partial attenuations 
due to the different drop groups of a 22.6-mm per 


Tasie 9. Attenuation in rains of known drop size distribution and rate of fall (db/km). 


A, cm 


mm/hr 1.25 3 5 8 10 


20 30 50 75 100 _—rbution 


2.46 1.93107! 4.92107? 4.241073 1.23 10-8 7.3410~4 2.8010-4 1.52104 6.49 10-5 2.33 10-5 1.03 10-5 5.85 10-6 

4.0 3.1810! 8.63 10-2 7.1110-8 2.0410-8 1.19 10-8 4.69 10-4 2.53 10-4 1.08 10-4 3.88 10-5 1.7210-5 9.75 10-6 
6.0 6.15 107-1 1.921071 1.25 10-3 3.02 10-8 1.67 10-8 5.84104 3.0210-4 1.2510-4 4.3410-5 1.9310-5 1.09 10-5 
6.13 107! 5.91 10-2 1.17 10-2 5.681078 1.691078 7.851074 2.95 10-4 9.23 10-5 4.1510-5 2.35 10-5 
8.01 107! 5.13 10-2 1.101072 6.46 10-8 1.85 10-8 9.09 10-4 3.6010-4 1.2010-4 5.36 10-5 3.03 10-5 
7.28 10-1 5.291072 1.211072 6.9610-8 2.27 10-8 1.171078 4.81 10-4 1.6610-4 7.41 10-5 4.19 10-5 
1.12101 2.32 10-2 1.17 10-2 3.641078 1.75 10-8 6.8310~ 2.2410-4 9.9510-5 5.63 10-5 
1.65107! 3.33 10-2 1.62107? 4.96 10-8 2.29 10-8 8.71 10-4 2.78 10-4 1.23 10-4 6.98 10-5 


15.2 2.12 
18.7 2.37 
22.6 2.40 
34.3 4.51 1.28 
43.1 6.17 1.64 


STO oO> 
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Ficurs 10. Drop size distribution and attenuation in 
._ a 22.6-mm per hr rain. Unlabeled curve represents Nx 
values; number of raindrops per cu m= Nx. 


hour rain are plotted. It is seen that the numerous 
smaller drops hardly contribute to the attenuation, 
which is caused mostly by the fewer larger drops and 
has a maximum around the 2.5-mm drops. 

In Table 9 is given the total attenuation (decibels 
per kilometer) in the wavelength range 1.25 to 100 
em in different rains of precipitation rates ranging 
from 2.46 to 43.1 mm per hour corresponding to 
given distributions. In Figure 11 are plotted some 
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Ficure 11. Attenuation in rains of known drop size 
distribution as a function of the wavelength. The 
abscissa gives the wavelength, i, in centimeters. The 
ordinate scale gives logis a, where the attenuation con- 
stant, a, is expressed in decibels per kilometer. The 
letters on the curves refer to the drop size distributions 
given in Table 7. 
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Ficure 12. (1) Computed K-band attenuation based 
on experimental drop size distributions. (2) Theoretical 
upper limit. «/p=0.16 db/km/mm/hr. t=18 C. 


curves showing, for a few rains, the variation of the 
total attenuation factor as a function of the wave- 
length. The dashed portions of these curves join the 
points previously computed,” the calculations start- 
ing at A = 5 em. 

Figures 12, 13, and 14 represent, at three typical 
wavelengths, the total attenuations in different rains. 
The results of the calculation are represented by the 
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Ficure 13. (1) Computed X-band attenuation based 


on experimental drop size distributions. (2) Theoretical 
upper limit. a/p=0.045 db/km/mm/hr. i=18 C. 
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ATTENUATION IN 10°“ DB PER KM 


o 5 10 15 20 2 30 35 40 45 # 50 
PREGIPITATION RATE IN MM PER HR 

Ficure 14. (1) Computed S-band attenuations based on 

experimental drop size distributions in different rains. 

(2) Theoretical upper limit of a/p, attenuation per unit 

rate of precipitation, is 6.10-4db/km/mm/hr. t=18 C. 
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points indicated on these figures, and the smooth curve 
passing through these points serves to illustrate the 
procedure usually followed by the experimental work- 
ers, as we have already mentioned. It is evident that 
these curves have little, if any, direct physical signifi- 
cance. Similarly the curves of Figure 11 associated 
with different rains merely indicate the trend of varia- 
tion of @ as a function of the wavelength, since no 
single curve of this type can characterize a rain of 
given total precipitation rate of p mm per hour. 

Table 9 shows that the attenuation is of no practical 
importance for S band and longer waves even with the 
heaviest rains or cloudbursts. This result is summar- 
ized in Table 10 (the theoretical upper limits of the at- 
tenuations per unit precipitation rate). 


Taste 10. Theoretical upper limits of attenuation 
per unit precipitation rate (t ~ 18C). 


A, cm (a/p) max db/km/mm/hr 
1.25 1.6 x 1071 
3 4.5 x 10 
5 5.0 x 1078 
8 1.0 x 10° 
10 6.0 x 10-4 
15 3.0 x 10-4 
20 1.4 x 10-4 
30 6.4 x 1075 


These values in Table 10 correspond to raindrop 
temperatures of about 18 C. At lower temperatures the 
values of (a/p) included in this table might be in- 
creased about 25 to 30 per cent. 

The results of the different workers in the field are 
summarized in Table 11. 

It will be seen that the above values of «/p compare 
favorably with the theoretical values.1 The difficulties 


TaBLe 11. Experimental values of the attenuation 
per unit precipitation rate. 

A, em (a/p) db/km/mm/hr Authority 

0.62 0.37 Mueller’ 

0.96 0.15 Adam et al28 

1.089 0.2 Robertson27 

1.25 0.19 Southworth ef al?9 
‘ 0.09—0.40 Rado!? 

3.2 0.032—0.042 King and Robertson* 


in the interpretation of the experimental data as men- 
tioned already should be kept in mind when compar- 
ing the experimental values with the theoretical 
predictions. 


As remarked by Ryde and Ryde,” the attenua- 


tion by hailstones and snow should be appreciably 
smaller than that due to raindrops, the dielectric con- 
stant of ice being considerably smaller than that of 
liquid water. 

A final remark may be made concerning the theore- 
tical results given here. It has been assumed through- 
out the preceding discussion that the raindrops are 


iThe same seems to be true of S-band wavelengths where 
Tough attenuation measurements are available in “‘solid’’ 
storm clouds.*! 


spherical. This is likely to be the case with practically 
all the drop groups existing in rains, with the excep- 
tion of the biggest drops, which may undergo deforma- 
tions. Presumably the effects of small deformations 
are not of great importance. 


The Scattering of Microwaves 
by Spherical Raindrops 
The cross section for scattering of electromagnetic 
waves by spherical particles is given for any direction 
by equation (34). Using the approximate expressions 
of the amplitudes as given by equations (38). and (43) 
and the notation «,°), a‘), 8,@), B,@) represent- 
ing the real and imaginary coefficients of p° in a’, 
of p* in 6, etc., as indicated above, we get the fol- 
lowing expression for the total scattering cross sec- 
tion : 
r2 
Q.= M 913/612 +6188 
TC . 
+ B® Bi ©] p? + 6 [Gr © 6 + B® B®] p? 
+43[| on] 2+ | Bi [2] 
+ 5/62 |*}o'+ 6 [6 B® 
+ ROR 1+ 3180 [20+ +b om 
(59) 


Here, for instance, 


[a | = (8: 2 + (BO H5| x | 


= (ai)? + i), ete. 


For values of p< 1 and when the terms in p? and 
higher powers can be neglected in the braces, the 
total cross section for scattering reduces, v-‘ng the ex- 
plicit expressions of B,) and B,“?, to 


1287°a® 
Qs, << = "ayer 
(e,-—1)?(¢, +2)? +e7[2(e,-—1) (e- +2) +9) + et om? 
[(e- + 2)? + €?]? ; 


(60) 
When the dielectric absorption vanishes, i.e., «—0, 
this reduces further to 


1287°a§ /n? — 1 
Qs, p<, ¢; 0 = —s 4 


2 
: | 
an sao) gare 


which is the well-known Rayleigh scattering cross 
section, since e, = 27 in this case. 

In Table 12 are given the scattering cross sections 
computed within the range of p, 0.00157 to 0.576, or 
in the drop diameter range 0.05 to 0.55 cm and wave- 
length range 3 to 100 em. Needless to say, the actual 
cross sections for scattering at the larger p values are 
always larger than the Rayleigh cross sections [equa- 
tion (60) ]. For p < 0.10 the scattering cross sections 
‘are, within a few per cent, given by the first Rayleigh 
term (60) of equation (59). However, in the present 
case of absorbing spherical drops, the parametric 


—-- 
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TABLE 12. Total scattering cross section Q, (cm?) of spherical water drops of D em diameter. 
D, em 
A,em =: 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 
3 3.621078 2.3510-§ 2.7410-5 1.5810-4 6.061074 1.981078 5.3610-$ 1.311072 2.9610-? 6.36107? 1.31 10-1 
5 4.7010-9 3.041077 3.5110-§ 1.9710-5 7.5610-5 2.3210-4 5.971074 1.3610-3 2.8610-3 5.6110-8 1.04102 
8 7.23107! 4.641078 5.351077 2.9810-§ 1.141075 3.4410-5 8.7210-5 1.9610-4 4.0110-4 7.651074 1.37 10-3 
10 2.93107! 1.8810-8 2.151077 1.211076 4.6210-§ 1.381075 3.50105 7.851075 1.59104 3.0110-4 5.41 10-4 
15 5.8010" 3.7510-9 4.331078 2.431077 9.0310-7 2.7010-§ 6.8010-§ 1.5210-5 3.10105 5.871Q-5 1.0410-4 
20 =1.8310-! 1.171078 1.351078 7.5110-8 2.861077 8.531077 2.16106 4.8110-§ 9.7410-§ 1.8310-5 3.25 10-5 
30 3.6210-! 2.321079 2.6610- 1.491078 5.6610-§ 1.691077 4.111077 9.5110-7 1.92106 3.6210-6 6.43 10-6 
50 4.6510-!8 2.991071! 3.4410-19 1.911079 7.291079 2.181078 5.5110°8 1.221077 2.481077 4.651077 8.271077 
75 9.2210-“ 5.91107! 6.7910! 3.7810-!9 1.441079 4.3110-9 1.08108 2.42108 4.9110-§ 9.221078 1.63 10-7 
100 §=2.9310-M 1.881071? 2.15107! 1.201079 4.561071 1.371079 3.4510-9 7.641079 1.5610-§ 2.931078 5.20 10-8 
representation (59) of the cross section is not of computation of the absolute probabilities @, for electro- 


much practical interest since some of the coefficients 
of the powers of p are strongly dependent on the wave- 
length. The cross section is not a unique function of 
p = (rD/d) but is a complicated function of A and 
D, and the series representation is valid only in de- 
scribing the dependence on the diameter D of the 
drops, the wavelength being kept constant. In Fig- 
ures 15 and 16 two families of curves have been 
plotted representing Q, as a function of the diameter 
D of the raindrops at constant wavelength and as a 
function of the wavelength at constant diameter, 
respectively. 

The knowledge of the total scattering cross section 
Q, and the total cross section Q; allows at once the 


DIN CM 


FicureE 15. Scattering cross section, Q;, of spherical 
water drops as a function of the drop diameter. The 
abscissa gives the drop diameter, D, in centimeters. 
The ordinate scale gives logio Qs, the scattering cross 
section Q, being expressed in square centimeters. The 
numbers on the curves indicate the wavelength, X, of 
the incident radiation in centimeters. 


magnetic waves falling on spherical water drops to be 
scattered in any direction and the absolute probabil- 
ities @,,,, for being absorbed by the drops, the absorbed 
energy being then transformed into heat in the drops 
(true absorption). Indeed, this probability w, of the 
waves being scattered in any direction is equal to the 
ratio of the scattering cross section Q, to the cross sec- 
tion Q+ which is associated with all the possible even- 
tualities, here only two, namely, scattering and true 
absorption. Heuce, 


an 
®, = — (62 
Q : 
and, consequently, the probability of true absorption is 


Wabs = 1 a Qs. 


(63) 
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FicureE 16. Scattering cross section, Q;, of spherical 
water drops as a function of the wavelength. The 
abscissa gives the wavelength, A, of the incident radia- 
tion in centimeters. The ordinate scale gives logic Qs, 
the cross section Q; being expressed in square centi- 
meters. The numbers of the curves indicate the drop 
diameter, D, in centimeters. 
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In Table 13 are given the probabilities @, in the 
drop diameter range 0.05 to 0.55 cm and wavelength 
range 3 to 100 cm. A glance at this table shows that 


(2n + 1) (2m + 1) : 
n(n+ 1) m(m + 1) 


he 


n=1 m=1 
with the exception of the shortest wavelengths and co oN 
+) : : — Pe adP;, dP 
largest drops the probability of the waves being truly ana* 
absorbed is always mnch larger than that of their being 29. dé i 
scattered. The smaller the drops the greater the chance Pip) .. dP} dP} Ba 
; : 3 3 +b, b¥( —2=™ gin? ¢ + —2 52 
of absorption, since, according to the cross-section n sin? 6 Wael ia BON 
formulas, for small drops Qs is proportional to D°/A* : f 
: l é 1 
(Rayleigh’s law) whereas Vt ~ Qavs is proportional Aiton ae P, dP; Esaneen + <8 Pn aP,, sin? )] ed 
to D®/\ and in our case the drop diameter D is always sin@ do in 6 do 
smaller than the wavelength A of the radiation. (65)* 
Taste 13. Probability of scattering @, by spherical water drops of D cm diameter. 
A, cm 

D, em 3 5 8 10 20 30 50 75 100 

0.05 3.94 10-3 1.6410-3 6.631074 4.251074 1.941074 1.091074 49210-5 1.7410% 7.7410-6 4.33 10-6 

0.10 1.5410-2 1.091072 4.891073 3.22107 1.53108 860104 3.911074 1.401074 6.331075 3.47 10-5 

0.15 2.1110-2 2.9010-2 1.4710 9.961073 5.0010°§ 2.8710°8 1.321073 4.731074 2.111074 1.17 1074 

0.20 2.86 10-2 5.15 10-2 2.9110-2 2.1010-2 1.11107? 6.511075 3.0510-§ 1.101073 3.95104 2.76 10-4 


0.25 3.72 10-2 7.6010-2 4.7510-2 3.161072 1.9710-2 1.2110? 5.811078 2.141078 9.661074 5.37 10-4 
0.30 5.31 10-2 1.03107! 6.9110 5.331072 3.121072 1.75107? 9.771073 3.661078 1.61107 9.32 10-4 
0.35 8.06 10-2 1.29107! 9.061072 7.2810-2 4501072 2.96102 1.45102 5.76108 2.6010°3 1.47 10-8 
0.40 1.21101 1.54107! 1.13107! 9.311072 6.06107? 4.11107? 2.17102 8.421078 3.881078 2.18 10-3 
0.45 1.95 10-1 1.84107! 1.835107! 1.141071 7.7910-2 5.471072 2.9610-2 1.191072 5.5010-3 3.11 1078 
0.50 2.96 10-1 2.1710-1 1.58101 1.341071 9.631072 6.881072 3.901072 1.5910-2 7.4310-8 4,23 10-8 
0.55 482.107! 2.49107! 1.80107! 1.56107! 1.15107! 8.44107? 4951072 2.081072 9.821078 5.61 10-8 


Back Scattering (Echoes) 


Whereas the attenuation of microwaves is of inter- 
est to both communication and radar, back scattering 
is of importance to radar only. The importance of the 
echo phenomena is twofold. On the one hand, it is 
of operational interest to distinguish between atmos- 
pheric echoes of the waves and their reflection from 
other targets in the atmosphere. On the other hand, 
the observation of these phenomena has led to the rec- 
ognition of its meteorological value in helping to map 
the storm topography of the atmosphere (storm detec- 
tion) around the position of the observer and at 
ranges limited only by the characteristics of the radar 
set used.**5*88 

The echo intensities may be computed from for- 
mula (35) for the differential cross section of drops 
a(7) for back scattering (scattering angle 7). 

According to equation (22), the power scattered by 
a spherical particle per unit solid angle at a point 


(7,0,) is 


aP, = 1 2 S12] 2 
(2) = Uimete 


Using equations (16) and (17), we obtain, remember- 
ing that the incident power per unit area is (1/22) 2, 
the following expression for the differential scatter- 
ing cross section: 


Or, limiting ourselves to the approximation where only 

the electric dipole (b,), electric quadrupole (6,), and 

magnetic dipole (a,) are effective, we find, using the 

explicit expressions of the associated Legendre poly- 
o(6, 4) 


nomials, 
a) 
dw / %¢ 
e 
4a. 


Re [stl (sin? ¢ + cos? @ cos? d) + 9] a:|2(cos? ¢ 

+ cos? 6 sin? ¢) 
+ 25|bs|2 (cos? @ sin? ¢ + cos? (2.6) cos? ) 
+ 18a1b:* cos@ + 30b:b.* cos@(sin? ¢ + cos (26) cos?¢) 


+ 30a1b.* (cos?6 sin?¢ + cos (26) cos?¢) | em. (66) 


Here the first term inside the brackets represents the 
contribution of the electric dipole, the second is the 
magnetic dipole term, the third is the electric quad- 
rupole term, and the three others correspond to inter- 
ference terms between these three poles. 

In the optical case it is known that the larger the 
parameter p = D/A, i.e., the nearer the wavelength 
is to the diameter of the scattering sphere, the more 
the radiation is scattered forward than backward. A 
study of equation (66) for water drops of 1-cm diam- 
eter shows that for spheres of this size it is only when 
A> 15 cm or p < 0.2 that the back-scattered intensity 


kWith 9 = 7m this reduces to equation (27) of the radar 
cross section. 
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is about the same as the forward-scattered intensity. 
For such p values only the dipole term in equation 
(6€) remains of practical importance. 

Suppose that we adopt a p value of 0.2 as a rough 
indication of what happens in the case of actual rain- 
drops, the diameter of which is less than about 0.55 
em. It is then seen that for radar purposes the use of 
longer waves is favored, as far as the amount of back- 
scattered power is concerned, viz., in those cases where 
the greatest amount of back scattering from water 
drops is of operational importance. This will clearly 
occur in radar meteorology. However, when it is 
desirable to limit as much as possible the back scatter- 
ing from rain or rainclouds, one might make use of 
this forward-backward scattering dissymmetry, which 
is the more pronounced the shorter the wavelength as 
compared with the diameter of the raindrops. This 
dissymmetry might, however, be counterbalanced by a 
rapid increase in’ the attenuation as well as a general 
decrease in the intensity of scattering. 

The differential cross section for back scattering re- 
sults from equation (66) by taking 6 = 7 there. Using 
the explicit expressions (43) of the amplitudes a,, b,, 
and 6,, one obtains for this back scattering (or radar 
cross section) 


Xr 
o(r) = G)e (Ap+Asp?+Asp?+ Asp! A5p>+ Agp® 
+++)em?, (67) 


with the following coefficients A", using the notation 
defined by equations (45), (46), and (59) : 


A, = 9|6:|?, 

As = 18 [8,B,B, 8, — 0,8, — a, B,] 
— 30 [6.6 + BB] , 

A; = 18 [8:, + BiB, ] 5 (68) 

Az = 9 [la®|? + [B,|2] — 18 [a B, + a,8,] 
— 30 [6,6 + B,B. — Bo 
= a Bo] + 25|B.|2 , 

As = 18 [8,B, + BB, — a6, — a8, ©] 
— 30 [AB + BB] , 

Ag = 9161. 


The radar cross-section formula (67) is the same 
as that given by Ryde.’” Again o(7) is not a function 
of p only since the coefficients of the successive powers 
of p in the expansion (67) depend on the wavelength. 
The computed echo cross sections o(7) for spherical 
water drops with diameters in the range 0.05 to 0.55 
em and the wavelength range 3 to 100 cm are given 
in Table 14.’ These cross sections reduce practically to 
the Rayleigh type, i.e., the series (67) reduces to its 
first term for the smaller drops at any wavelength and 
for any drops for wavelengths larger than about 15 cm. 
Since the Rayleigh term predominates in o(7), with 
the exception of the larger drops and smaller wave- 
lengths, the trends of variation of o(7) with either 
the diameter, at constant wavelength, or the wave- 
length, at constant diameter, are similar to those of 
Q,, the total scattering cross section. A graphical repre- 
sentation of the data of Table 14 is thus of no particu- 
lar interest; they appear implicitly in Figures 15 
and 16. 

In order to compute the radar attenuation factor « 
associated with echo phenomena occurring with rain 
of known drop size distribution, we have but to use 
equation (31) and hence obtain for N;, drops of & em 
diameter per cm'®, 


On = 5M %,(3) neper/em, (69)™ 


and for a given distribution of particles 
a, = » nn 5 >» Nx %(ar) neper/em. (70) 
k=0 k=0 


Using the radar cross section of Table 14 and the drop 
size distributions in different rains as given in Table 
%, we have computed a,, the attenuation factor due to 
back scattering in the wavelength range 3 to 100 cm. 
The results of these calculations are included in Table 
15 and in Figure 17. The variation of a, is represented 
as a function of the wavelength of the incident radia- 


For the shorter waves and large drops the cross sections 
given are merely orders of magnitude, as the convergence of 
equation (67) is too slow in that case; in fact, it is even 
slower than the expression for Q,. 

=™The coherent portion of the scattering is neglected here 
on account of the assumed random distribution of the scatter- 
ers. See, nevertheless, a recent note by F. Hoyle.*4 


Tas.E 14. Back scattering cross section o (7) (em?) of spherical water drops of D cm diameter. 


, em 

D, em 3 5 8 10 15 20 30 50 75 100 

0.05 4.25 10-9 5.551019 86310- 3.501072 6.96 10-12 2.1810-!2 4.321078 5.601074 1.1110°! 3.50 10% 
0.10 2.6410-7 3.521078 5.4710-9 2.241079 4.441079 1.401079 2.77107! 3.5910°2 7.091018 2.24 10718 
0.15 2.88 10-6 3.9710-7 6.28108 2.54108 5.1010-9 1.601079 3.18107 41210 8.14107 2.57 10-2 
0.20 1.48 10-5 2.1510-§ 3.451077 1.421077 2.8410-§ 8.9410°9 1.7710°9 2.291079 4.52104 1.43 1071! 
0.25 5.02 10-5 7.4210-§ 1.3010-6 5.3410-7 1.0710-7 3.42108 6.7310°9 8.72107 1.721019 5.45 10°" 
0.30 1.34104 2.2510-5 3.8010-6 1.5710-§ 3.191077 1.201077 2.0210°§ 2.6210°9 5.171071 1.64 10-10 
0.35 2.48 10-4 5.4010-5 9.371076 3.9110-6 8.011077 2.581077 5.041078 6.5310°9 1.2910°9 4.08 10-1 
0.40 5.0410-4 1.121074 2.031075 8.5510-§ 1.7710-§ 5.751077 1.13107 1.461078 2.881079 9.13 10-10 
0.45 7.76 10-4 2.12104 3.99105 1.70105 3.5510-6 1.1610-§ 2.321077 3.00108 5.921079 1.87 10-9 
0.50 9.91 10-4 3.6510-4 7.3010-5 3.1410-5 66310-§ 2.1810°§ 4321077 56010°§ 1.11108 3.5010 
0.55 5.95 10-4 5.8210-4 1.2410-4 5.4410 1.1610 3.87106 7.701077 9.98108 1.97108 6.24109 
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TaBLE 15. Absorption coefficient due to back scattering (echo) 2e- km7! in rains of known drop size distribution and 


rate of fall. 
A, cm Distri- 
mom/br 3 5 8 10 15 20 30 50 75 100 bution 
2.46 2.9410-5 4.2110-6 7.011077 2.8610-7 5.741078 1.8210°8 3.6010-9 4.6610-19 9.201071! 2.91 10-1 A 
4.0 5.0610-5 7.311076 1.171076 4.811077 9.631078 3.0310-§ 5.9910-9 7.7610-1° 1.5310-19 4.851071! Cc 
6.0 1.4410-4 2.3210-5 3.9010-6 1.6110-6 3.2510-7 1.171077 2.3110-8 2.9910-9 5.9110-10 1.87 10-10 D 
15.2 6.1210-4 1.7310-4 3.3010-5 1.4110-5 2.9410-§ 7.621077 1.501077 1.9410-8 3.831079 1.211079 E 
18.7 6.6710-4 1.271074 2.2210-5 9.2510-§ 1.9010-§ 6.5110-7 1.2810-7 1.6610-§ 3.2810-9 1.041079 F 
22.6 5.691074 1.0110-4 1.74107 7.24 10-§ 1.4710-§ 4.9110-7 9.7010-8 1.2610-§ 2.4910-9 7.8810-10 G 
34.3 1.2810-3 3.0210-4 5.5810-5 2.3610-5 4.9010-§ 1.63107 3.221077 4.1710-8 8.241079 2.6110-9 H 
43.1 1.83 10-3 4.8910-4 9.1610-5 3.9010-5 8.1410-§ 2.6610-§ 5.261077 6.8210-8 1.3510-8 4.261079 I 
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Ficure 17. Absorption coefficient, 2 ax, due to back 
scattering (echo) as a function of the wavelength in 
different rains. The abscissa gives the wavelength, 2, 
in centimeters. The ordinate scale gives logio(2ax), the 
absorption coefficient 2ax being expressed in km7!. 
The letters on the curves refer to the drop size distribu- 
tions listed in Table 7. 


tion in different rains of given drop size distribution 
and precipitation rate. As already emphasized in con- 
nection with the study of the attenuation, these curves 
are characteristic, probably, of those rains, but they 
are not unique, since a given rain of known precipita- 
tion rate might very likely be built up from a variety 
of drop size distributions. 

Since the absorption coefficient (2«,) for back scat- 
tering represents also the fraction of the incident power 
back scattered per unit thickness of the scattering 
medium, Tables 14 and 15 allow the computation and 
estimation of the echo power to be expected in radar 
observations under given conditions. The difficulties 
which seemed to exist earlier are cleared up by assum- 
ing that in those clouds which give rise to echoes pre- 
cipitation actually occurs, even though no rain reaches 
the ground.** This is substantiated to some extent by 
recent work*> which succeeded in verifying Rayleigh’s 
law by observing cloud echoes simultaneously with 
both S- and X-band radar’ sets. Further- proof was 
added by the Canadian group,* whose exhaustive 
study in the S band clearly showed the role of rain- 
drops in cloud echo phenomena. In fact, these workers 


stated that there was no record of an echo without rain. 
It is interesting to extract from Table 15 the frac- 
tion of the incident power back-scattered from differ- 
ent rains of 1-km depth expressed in decibels. As just 
mentioned, the power back-scattered by a thickness 

Az is 
AP, = 


—2a, P; Az, (71) 


and the fraction of the incident power P; scattered 
backward by a layer Ax = 1 km is then 10 log,, AP,/ 
P, db or (10 log,, 2a,) db (2a,) is given in Table 15. 
The results are included in Table 16. 

With Table 16 and the known sensitivity of a radar 
set, the maximum free space distance from the set at 
which these rains are observable can be computed at 


TaBLE 16. Power scattered backward by a layer of 
1 km of rain in different rains (decibels). 


Distri- p, A,cm* 
bution mm/hr 3 5 8 10 15 20 30 50 


A 2.46 —45 —54 —61 —65 —72 —77 —84 —93 


D 6.0 -—38 —46 —54 —58 —65 —69 —76 —85 
E 15.2 —32 —37 —45 —48 —55 —61 —68 —77 
H 343 —29 —35 —42 —46 —53 —58 —65 —74 
I 43.1 —27 —33 —40 —44 —51 —56 —63 —71 


once. The peak power received by a radar set from 
Volume 3, Chapters 2 and 9, is 


Sx aa) 
Pra Pua a (5a 


where P, is the transmitted power (peak power), 
G, and G, are respectively the transmitter and 
receiver antenna gains relative to a doublet, 
d is the distance of the set from the echoing 
Tain drops, and 
S, is the back scattering cross section. 
The beam usually intersects the rain boundary and 
therefore it can be assumed that S, is made up of the 
combination of all the drops included in the echoing 
volume. This volume may be taken as a spherical shell 
of thickness Ad whose base is a spherical segment of 
area 
2nd?(1 — cos 6), 


26 being approximately the half-power beam width of 
the set. 


— 
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The rain echo cross section is then 


Sy = 2nd? (1 — cos 6) [sad Voile 


Here the summation extends over all the different drop 
groups forming the rain and o;(7) is the differential 
cross section for back scattering in the direction « with 
the direction of propagation of the initial beam. It 
should be rernembered that g;(7) is the cross section per 
unit solid angle. Hence, the received peak power, 


_ PiGiGs (3 \? ‘| Es | 
Ao = @| Add Nios(n) 
for small @ (6 in radians). The quantity [SNjo;(7) Ad] 
is tabulated in Table 16 for Ad =1 km and the 
different rains of Table 7. It is thus clear that the 
knowledge of the set characteristics permits at once the 
computation of the received power echoed by a rain 
falling at a certain distance r from the set provided 
the assumption is made, that the echoing rain layer is 
1 km thick. This is clearly arbitrary but is likely to 
give the right order of magnitude. 

There has been discussed in a rather unorthodox 
way” the effect of the absorption on the back scatter- 
ing of radiation taking into account also the finite 
pulse length of the radiation source. 

These results seem to be consistent with the meager 
quantitative information available in this field. This 


fact would tend to classify the atmospheric radar 


echoes as back scattering phenomena due to water 
drops of precipitation size. It may further be re-em- 
phasized that theory provides an adequate explanation 
for scattering and absorption of electromagnetic waves 
passing through different clouds or precipitation 
forms. The limitations imposed on the theoretical re- 
sults are due essentially to irregularities inherent in 
the meteorological elements. 


Summary 


The present report gives a detailed review of the 
theoretical and experimental status of microwave at- 
mospheric absorption. This absorption is due to the 
gases of the atmosphere, oxygen, and water vapor, on 
the one hand, and to the swarms of floating or falling 
water drops, clouds, fog, rain, and snow, on the other. 

The status of the gaseous absorption of the atmos- 
phere is reviewed briefly in Section 10.1.1. Figure 1 


gives the oxygen and water vapor attenuation curves: 


in the 0.2 to 10-cm wavelength range. The water vapor 
attenuation is given for a vapor content of 7.5 g/m* 
of air, or 6.2 g per kilogram of air. In the equatorial 
belt, 15° S to 15° N, at sea level, the attenuation due 
to the atmospheric gases is approximately constant. It 
is about 0.18 and 0.008 db per kilometer for 1.25- and 
3-em waves respectively. In the tropical region the 
seasonal variation of these attenuations is quite large. 

Figure 2 helps to give a clear picture of the atmos- 
pherie absorption due to oxygen and water vapor 


simultaneously with the absorption in rains of differ- 
ent types. It is seen that in the wavelength range 1 to 
5 em the rain attenuation is more important than the 
gaseous atmospheric attenuation. The latter predomi- 
nates at waves shorter than 1 em and longer than 
about 5 cm, losing entirely its practical importance 
at these longer waves. 

The theory of absorption and scattering of electro- 
magnetic waves by dielectric spheres (sce text on 
pp-271-274.) is briefly presented following theRayleigh 
method as developed by Stratton. 

The contribution of a swarm of spherical water 
drops of the same size, floating or falling in the atmos- 
phere, to the average field strength attenuation factor 
is given by 


a= 3N Q, neper per unit length, 


where WV is the average concentration of the drops, and 
Q: their total cross section. This total cross section is 
the ratio of the power removed from the incident beam 
by one drop, through scattering and internal absorp- 
tion to the power density of the incident beam. Similar 
definitions hold for the scattering cross section, absorp- 
tion cross section and differential cross section for 
back scattering or radar cross section. The total cross 
section Q; has the following form: 


2 n=o 
Q= -(—Re) D @n+1) (ant,), 

a n=1 
where A denotes the wavelengths in free space of the 
incident radiation and a, and b,, (n = 1,2,3,---) form 
an infinite set of scattering amplitudes or coefficients 
associated with magnetic and electric poles of increas- 
ing order induced in the water drop by the field 
strengths of the radiation. Thus a, is associated with 
a magnetic dipole, 6, with an electric dipole, b, with 
an electric quadrupole, etc. 

Pages 275-276 are devoted to study of the ampli- 
tudes a, and 6b,. These are complicated functions of 
the wavelength A, diameter D, or radius a of the drops, 
as well as the complex refractive index WN or dielectric 
constant «, of water. Approximate expressions of the 
amplitudes can be derived by expanding them in series 
of ascending powers of the parameter p = ~D/) for 
p <1. Retaining only terms up to p®, we found the 
following expressions of the first amplitudes, 
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where WN is the complex refractive index of water with 
respect to free space and N? = ec, = (e,—je) is its 
complex dielectric constant. The numerical computa- 
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tion of these amplitudes requires knowledge of the 
dielectric constant of water in the desired wave- 
length and temperature range. Whereas experimental 
data on the real part of the dielectric constant of water 
are relatively abundant in the microwave region and 
around 18 C, data on the imaginary part or the con- 
ductivity are very scarce. The Debye theory has, there- 
fore, been used to compute the dielectric constant of 
water in the microwave region, and the theoretical 
results seem to be supported by the new experimental 
data (see Table 1). Recent data in the Keband on 
the temperature variation of the dielectric constant of 
water are given in Table 2. The graphical representa- 
tion of both real and imaginary parts of the dielectric 
constant in the wavelength range 1 to 11 cm appears 
on Figure 4. The numerical values of a,, 6, and b, are 
discussed briefly at the end of this section. 

The attenuation factor (see pp. 277-279) is here 
computed to the approximation of taking into account 
the amplitudes a,, b,, and 6,. Clearly, inasmuch as 
these amplitudes are expressed in the form of series 
in ascending powers of the parameter p = 7D/d, the 
attenuation factor takes on a similar form. One gets 


a= = = (e1-+- cop? + csp? * °°) neper per unit length, 


where m is the mass of liquid water in the form of 
drops per unit volume of the atmosphere, A is the 
wavelength of the radiation in free space, and ¢,, ¢3, 
C3, etc. are dimensionless coefficients depending on the 
wavelength implicitly through the dielectric constant 
of the substance of the sphere. For values of p small 
compared with unity, i.e., for waves long compared 
with the diameter of the drops, for which the terms 
in p’, p*, . . . can be neglected, the attenuation fac- 
tor reduces to one term, 
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This shows that for small drops or longer waves the 
attenuation factor becomes independent of the drop 
size and depends only on the amount of liquid water 
per unit volume present in the atmosphere. Table 3 
contains (in the 1- to 100-em wavelength range) the 
values of the coefficients c,, C2, cs. It also gives the 
critical drop diameters below which, for a given A, 
the one term attenuation formula holds within 10 
per cent accuracy. A few values of D, are the fol- 
lowing: 


neper per unit length. 


A,em 1 1.26 3 5 10 15 
De, cm 6.56 X10- 7.13 X10—* 1.21 X10-1 1.87 X10-1 3.63 X10-! 5.34 X10-1 


Table 4 gives the total cross section of spherical 
water drops in the diameter range 0.05 to 0.55 cm 
and wavelength range 1.25 to 100 cm. Table 5 gives 


attenuation values in decibels per kilometer. Figures 
5 and 6 represent in graphical form the variation of 
the absorption cross section and attenuation factor 
(1) at constant drop diameter, as a function of the 
wavelength, and (2) at constant wavelength, as a 
function of the drop diameter, respectively. 

These results are directly applicable to any pre- 
cipitation forms of which drop size distribution and 
average drop concentration have. been determined. 

Meteorological data necessary to the computation 
of the attenuation factor of different precipitation 
forms have been given on pages 2:79 -280. Data on 
drop concentrations and drop size distributions are 
extremely scarce. 

In liquid water clouds of different altitudes and in 
fogs, observations indicate that the drop diameters do 
not exceed 0.02 cm. In low and medium altitude good 
weather clouds the liquid water concentration varies 
between 0.15 and 0.50 g per cubic meter, and a con- 
centration of 1 g/m® is very likely an extreme upper 
limit. In fogs, with the possible exception of heavy 
sea fogs, the liquid water concentration seems to be 
considerably smaller. 

The data on drop size distribution in rains used in 
this work are given in Table 6, and, in a different 
form, directly applicable to the computation of the 
attenuation factor, in Table 7%. These data indicate 
that the precipitation rate does not determine the drop 
size distribution of a rain, inasmuch as a rain of given 
precipitation rate can be built up with different drop 
size distributions. It does not seem, therefore, that 
the precipitation rate can play the role of a true phys- 
ical variable in the attenuation law of rains. 

Attention is also called to observed irregularities 
in the precipitation rate over relatively small dis- 
tances (about 1 km), which makes it difficult to in- 
terpret the experimental data on radio wave attenua- 
tions even in terms of this apparent variable of total 
precipitation rate. These and other meteorological 
irregularities seem to eliminate the possibility of a 
quantitative theory of attenuation or back scattering 
of radio waves by rain or other precipitation forms. 
Clearly, the experimental study of these as yet chaotic 
‘meteorological features might disclose certain trends 
which could be advantageously incorporated in the 
theory of attenuation of a stormy atmosphere. 

Figure 7 gives the empirical relationship between 
the terminal velocity of raindrops and their diameter. 
The measurements cover practically the whole range 
of drops which reach the ground in rains, or from 0.05 
to 0.55 cm. The terminal velocity of these drops varies 
between 2 and 9 m per second approximately. Figure 
8 represents another empirical relationship between 
the liquid water concentration of the rainy atmos- 
phere and the rate of rainfall. A rough linear approxi- 
mation to the apparent empirical curve leads to a 
water content 0.038 g/m* for each millimeter per 
hour precipitation rate. But, strictly speaking, there 
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cannot be an analytical connection between the liquid 
water concentration and the rate of rainfall. Inasmuch 
as the same rate of rainfall can be achieved by a num- 
ber of different drop size distributions, therefore, to 
a single value of the abscissa — the precipitation rate 
— there may be associated a series of ordinate values 
or liquid water concentrations. The curves of Figure 
8 are, therefore, of interest only because they are 
helpful in predicting very roughly liquid water con- 
centrations in different rains. 

The text on pp281-284 discusses computation of 
the attenuation in different precipitation forms, no 
account being taken of the inherent irregularities. 

Since the size of the drops in fogs and fair weather 
clouds are small compared with even the shortest wave- 
length (1.25 cm) considered in this report, the one 
term attenuation formula holds rigorously. Figure 9 
represents the attenuation curve in decibels per kilo- 
meter in clouds and fogs for a liquid water concentra- 
tion of 1 g/m’ which, as mentioned above, is an upper 
limit. 

A few attenuation values may be given as follows: 


d, cm 1.25 3 5 10 
a/m db/km/gm/m$ 0.28 0.049 0.018 0.0045 

Even for 1.25-cm waves the attenuation would be- 
come important only at long ranges for radar observa- 
tions. For waves of length A > 3 cm the attenuation 
in fair weather clouds and fogs is of no practical 
importance. 

Table 3, on the critical diameter of water drops, 
shows that the attenuation becomes practically in- 
dependent of the drop size distribution in rains for 
wavelengths longer than about 15 or 20 cm, inasmuch 
as raindrops whose diameter is larger than 0.55 cm 
or 0.6 cm do not reach low altitudes. In the 5- to 20- 
em wavelength range the three-term attenuation 
formula will represent fairly well the attenuation in 
different rains. At wavelengths smaller than 5 cm 
exact computations of the amplitudes a,, b, are nec- 
essary. 

It is shown that in any rain the attenuation de- 
pends linearly on the partial precipitation rates of 
the different drop groups making up this rain, but 
it does not depend directly on the total rate of rain- 
fall. 

Figure 10 purports to show the connection between 
the drop size distribution in a given rain and the 


partial or fractional attenuation values in the K and 


X bands of the different drop groups making up this 
rain. It is seen that the numerous small drops do not, 
for practical purposes, contribute to the attenuation, 
which is due mainly to the bigger drops. 

Table 9 contains attenuation values of different 
rains of known drop size distribution and rate of rain- 
fall. Figure 11 is a graphical representation of these 
results. It will be seen that at the shorter waves the 
attenuation may become important in heavy: rains. 


Figures 12, 13, and 14 are graphical representa- 
tions of certain results included in Table 9 at K-, 
X-, and 8-band wavelengths, respectively. The attenua- 
tion values corresponding to the points in these graphs 
have been- computed for the rains of Table 9, and we 
have drawn a cyrve through the computed points. 
Accordingly, the plot of attenuation as a function of 
total precipitation is a mass plot. That is, for any 
given total precipitation the attenuation will have 
different values, depending upon the distribution of 
the drop size for the rain in question. Figures 12, 
13, and 14 represent mass plots of the meager data 
available for K, X, and S bands, respectively, together 
with the limiting curve that would result if all the 
drops were of the size that gives maximum attenua- 
tion. Tables 10 and 11 contain, respectively, the theo- 
retically predicted upper limits of attenuation for 
water drops around 18°C and the experimental atten- 
uation per unit rate of precipitation. In view of the 
difficulties in the interpretation of the experimental 
data, it may be said that there is fair agreement be- 
tween the observed and predicted attenuation values 
in rains. 

The attenuation due to hailstones and snow should 
be considerably smaller than that caused by rain. The 
reason for this difference is due to the small dielectric 
absorption of ice as compared with the dielectric ab- 
sorption of liquid water. 

Pages 284-286. deal with the total scattering (in 
the whole solid angle) of microwaves by spherical 
water drops. The scattering cross-section formula is 
given in a series of ascending powers of p = D/A, 
the first term of the series being p°®. For small 
values of p, the cross. section reduces to the first term 
of this series, which, when the dielectric absorption 
is negligible, reduces to the Rayleigh scattering cross 
section. Table 12 includes the results of the numer- 
ical computations and Figures 15 and 16 are their 
graphical representation. 

The knowledge of the total cross section and scat- 
tering cross section allows the computation of the 
absolute probabilities, for the waves to be’ scattered 
in any direction or to be absorbed internally by spher- 
ical water drops. The scattering probabilities are 
given in Table 13. The probabilities for internal ab- 
sorption are complementary to these, i.e., they are 
equal to (1 —@,). It is thus seen that, with the 
exception of the shortest waves and the biggest rain- 
drops, the probability of the waves being absorbed in- 
ternally, the absorbed wave energy heating the drops, 
is much larger than the probability of their being 
scattered in any direction. 

On pp. 286-289 the differential scattering cross 
section in a chosen direction is first derived rapidly and 
then is given explicitly so as to show clearly the con- 
tributions of the induced electric dipole, electric quad- 
tupole, magnetic dipole, and their interference terms. 
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Attention is here called to the already well-known 
fact that in the optical spectrum region dissymmetry 
appears in the angular distribution of the scattered 
radiation. That is to say, the larger the parameter p 
or the nearer the drop diameter to the wavelength, the 
greater the power scattered in the direction of the 
propagation in comparison with that scattered back- 
ward or at 180° to the direction of propagation. 

The back-scattering cross section or radar cross 
section of water drops is given in the form of a series 
in ascending powers of the parameter p. Table 14 
contains the results of numerical computations of 
these radar cross sections for water drops in the diam- 
eter range 0.05 to 0.55 cm and wavelength range 3 
to 100 cm. 

The radar cross section allows the determination 
of a radar attenuation constant. The radar absorp- 
tion coefficient, or the double of the attenuation con- 
stant, is the fraction of the incident power scattered 
backward by a layer of unit thickness of the echoing 
medium. Table 15 contains the numerical values of 
this radar absorption coefficient in different rains of 
known drop size distribution, and Figure 17 is its 
graphical representation. Table 16 is a somewhat 
modified form of Table 15, in so far as it gives in 
decibels the fraction of the incident power scattered 
backward by a 1-km layer of different rains. The 
theoretically predicted back scattering seems to be 
in fair agreement with the rather few experimental 
data on the power received in radar observations of 
rains or rain clouds. 

In conclusion it may be stated that, in view of the 
scarcity of meteorological data and the irregularities 
inherent in meteorological phenomena, the theory 
provides a satisfactory picture of the propagation of 
microwaves through a variety of precipitation forms 
present in the atmosphere. 


K-BAND ABSORPTION — 
EXPERIMENTAL? 


Our knowledge of the attenuation of K-band radia- 
tion in the normal atmosphere is based upon the 
theory outlined by Van Vleck and upon a number of 
experiments, some of which were undertaken to ob- 
tain data needed in the theory, others of which were 
attempts to measure directly absorption by the at- 
mosphere. 

The width of the rotational lines of water vapor in 
the infrared has recently been measured in work at 
the University of Michigan. The width of the oxygen 
lines responsible for the strong absorption at 0.5 cm 
and the rather small effect at K band are inferred 
from experiments at the Radiation Laboratory. The 
absorption in oxygen was measured directly at sev- 
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eral wavelengths in the neighborhood of 0.5 to 0.6 
cm. The gas was contained in a wave guide about 6 m 
long. This guide could be evacuated and then filled 
with gas to any desired pressure between zero and 
roughly 1,000 mm Hg. The radiation was obtained 
as the second harmonic generated in a crystal rectifier 
fed by a K-band oscillator. The source was amplitude 
modulated at audio frequency, and the signal was 
detected by a second crystal at the far end of the 
wave-guide path. The attenuation in the gas was de- 
termined by comparing the signal received with the 
guide evacuated to that received with gas present in 
the guide. The absorption of pure oxygen, at various 
pressures, as well as that of controlled mixtures of 
oxygen and other gases, was measured. The results 
confirm the predictions of the theory in a very con- 
vincing manner and suggest a value of the line width 
lying between 0.05 and 0.02 cm. 

Direct measurements of atmospheric absorption 
at K band have been made by a group at the Radia- 
tion Laboratory using a K-band radar set in an air- 
plane. For this purpose, the set was provided with 
fixed attenuators which could be switched in or out 
of the system. Both r-f and i-f attenuators carefully 
calibrated were used. The experiment consisted in 
flying a straight level course away from a known 
target and determining the maximum range to which 
the target could be seen with and without attenuation 
in the system. The maximum ranges involved were of 
the order of 30 miles. From the results a value for 
the attenuation in the atmosphere can be calculated, 
assuming free space propagation, and this value in 
turn correlated with the meteorological data. The 
latter were obtained from radio-sonde flights at MIT. 

After making allowance for the rather small oxygen 
effect, the results are best represented by a figure of 
0.02 db per nautical mile for 1 g/m®* of water vapor. 
Tn several of the flights the target was an accurately 
made 4-ft corner reflector. This provides an independ- 
ent upper limit to the attenuation, since all system 
parameters (antenna gain, S/N, etc.) were known, and 
one can calculate how far the corner should have been 
seen with any supposed amount of atmospheric atten- 
uation. The upper limit estimated in this way is about 
0.04 db per nautical mile for 1 g/m* of water vapor. 

An entirely different method for measuring attenu- 
ation in the atmosphere has been developed at Radia- 
tion Laboratory. It is possible to measure the apparent 
radiation temperature of any matched r-f load, includ- 
ing an antenna, with great precision (—1C). In the 
case of an antenna, the temperature measured is the 
temperature of whatever the antenna is looking at, 
that is, the temperature of whatever would absorb the 
energy emitted from the antenna if the antenna were 
transmitting. When the antenna is pointed at the sky, 
the temperature measured is some mixture of the tem- 
perature of outer space and the temperature of the air, 
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the influence of the latter being determined in a direct 
and simple manner by thé absorption coefficient of the 
air layer. From measurements of the apparent tem- 
perature of the sky at various elevation angles, the 
total absorption in decibels for a vertical path through 
the entire atmosphere can be deduced. The data which 
have been collected in this manner show good internal 
consistency ; assuming that the MIT radio-sonde data 
give the total water vapor in the atmosphere correctly, 
a value of 0.04 db per nautical mile for 1 g/m® is ob- 
tained for the water vapor attenuation. This is larger 
than the other value quoted above. The reason for the 
discrepancy is not yet known. 


ABSORPTION OF K-BAND 
RADIATION BY WATER VAPOR? 


An experiment to determine the location and shape 
of the water vapor absorption line in the K-band 
region of the electromagnetic spectrum is in progress. 
The experiment consists in the measurement of the 
change in Q of a large copper box when water vapor is 
introduced. From this change in Q the loss by absorp- 
tion in the water vapor can be determined and hence 
the attenuation of K-band radiation in water vapor. 

The experimental setup consists of an approximately 
cubical (but irregular in terms of X) copper box of 
15.8 cu m volume. Energy from a pulsed magnetron 
is fed into this box through a wave guide which ter- 
minates in a matched horn facing a rotating copper 
fan placed in the roof of the box. The purpose of this 
fan is to stir up the standing wave pattern in the box. 
Throughout the interior of the box are’ placed strings 
of Chromel-constantan thermocouple junctions sealed 
in 70% glass tubing. Alternate junctions are coated 
with a mixture of polystyrene and iron powder. In all, 
there is a total of 220 painted or “hot” junctions in the 
box. Provision is made for introducing water vapor 
into the box and for circulating the air. The tempera- 
ture is maintained at 45 C during all runs, and the 
pressure is atmospheric (760 + 15 mm, depending on 
conditions). An aperture of area 400 sq em which may 
be opened or shut by means of a sliding copper door is 
located in one side of the box. Radiation entering the 
box is absorbed by the walls, by the paraphernalia in 
the box, by the gas, by the apertures (if any), and by 
the thermocouple junctions. The coated thermocouple 
junctions absorb more energy than the uncoated junc- 
tions and a net emf is produced. A single junction 
would give an emf proportional to the value of the 
square of the electrical field at its position, but the 
reading would be very sensitive to the location of the 
couple and, even if this were held fixed, would be sen- 
sitive to small deformations of the walls. The large 
number of the couples actually used averages the value 
of the square of the electric field, E?, over the entire 
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box, and the fan previously mentioned assists in this 
averaging. The Q of the box and its contents is, for 
constant’magnetron power output, proportional to E? 
and thus to the emf of the thermocouples. 

Since the couple emf is also proportional to the 
power output of the magnetron, changes in the output 
power will show up in the results in the same way as 
changes in Q. Original difficulties arising from this 
cause, which were encountered because of variation in 
the a-c line voltage and the modulator voltage, have 
been largely eliminated by the use of stabilizing trans- 
formers and a magnetron load current stabilizing cir- 
cuit. Furthermore, a method of taking data was de- 
vised which only required the power output to be 
maintained constant for a few minutes at a time. 

The Q of the water vapor, Qy, is given by 

1 

Be (72) 
where y is the attenuation in db per nautical mile, » 
is in centimeters, and K is a constant. In order to 
obtain absolute values of the attenuation, it is necessary 
to introduce into the system a known Q in terms of 
which the other Q’s may be evaluated. For this purpose, 
the aperture, which acts as a perfect absorber, is used. 

Lamb has derived a formula for the Q of an aper- 
ture, Qa, and this is 


Am S See (73) 


where A is the area of the aperture and V is the volume 
of the box. 

The @Q of the whole ensemble may now be written 
down. 


1 1 1 1 
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where Qs takes account of all losses (including the 
losses in oxygen) other than those in the vapor and 
the aperture. Inserting values, and using 1/y as the 
proportionality constant connecting the emf, €, and 
Q, one then has 
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For constant conditions of humidity, wavelength, and 
magnetron power output, measurements are now made 
of the emf €,, with A = 0, and emf €4, with A = A. 
Using these measured values of emf, equation (75) 
can be written in the form 
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The humidity is then changed and the measurement 
repeated until enough points have been obtained to 
provide a curve of F as a function of p, the water vapor 
density, for constant. wavelength. 


294. RADIO WAVE PROPAGATION EXPERIMENTS 


Since, presumably, y is the only quantity in this 
equation which is a function of p, and since y = 0 for 
p = 0, the plot of F against p extrapolated to zero 
humidity will yield a value of Qs. Consequently, y is 
determined as a function of p. 

Examples of the y versus p curves so obtained are 
shown in Figure 18 for the wavelengths 0.96, 1.16, 
1.28, and 1.69 cm. Data were also taken at the wave- 
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Figure 18. Attenuation in water vapor. 


lengths 1.06, 1.31, 1.37, and 1.49 cm, These lines are 
all concave upward with the exception of those at 
1.28, 1.31, and 1.37 cm. There is some evidence that 
the line at 1.31 cm is.concave downward, while within 
experimental error the 1.28- and 1.37-cm lines are 
straight. 

The curvature is surprising, since it was believed 
that y would be proportional to p. The reason for the 
curvature is not understood, and it is possible that it 
arises from some systematic experimental error. How- 
ever, it is difficult to conceive of a systematic error 
which disappears at resonance. 

Because of this curvature, it is not possible to draw 
a single attenuation curve showing absorption as a 
function of wavelength for all humidities. Figure 19 
shows the variation with wavelength of the attenuation 
coefficient y/p in decibels per nautical mile per gram 
of water vapor per cubic meter for humidities of 10 g 
per cubic meter and of 50 g per cubic meter. It is to 
be noted that the peak of this curve,.at 1.32 cm, is 
very close to the standard K-band wavelength. 

These experimental results are in agreement with 
other results for the water vapor attenuation at K 
band. Furthermore, for all practical radar purposes, 
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Ficure 19. Attenuation coefficient, water vapor, 45 C. 


and within the range of the measurements, they are 
in agreement with Van Vleck’s theory of the absorp- 
tion of this water vapor line. 


Discussion 

Comments were made on the great accuracy of the 
experiment, pointing out that the quantity being 
measured was extremely small and that other experi- 
ments, particularly one made in Florida by measure- 
ment of the sky temperature, were leading to substan- 
tial agreement with the present findings. The best 
available data on the performance of K-band radars 
supported the experimental result obtained and would 
be of great help in choosing wavelengths for radar and 
other apparatus in the future. 

The good agreement between theory and the experi- 
mental result achieved was stressed. Whereas in infra- 
red absorption measurements the results had disagreed 
with theory by as much as 10 db or more, the discrep- 
ancy in these results amounted to a few per cent only. 
It was noted that from the purely physical standpoint 
this water vapor line and the 0.5-em oxygen absorption 
line were the most carefully investigated lines in the 
spectrum, aside from some lines in the visible region. 
The explanation was given that the microwave meas- 
urements were much more instructive than the optical 
ones from the standpoint of the collision broadening 
theory because the width of the microwave absorption 
line was comparable to the frequency of the radiation. 
This results in a shape factor or line form which can 
be studied in detail. The reported dependence on den- 
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sity presents a difficult problem which is not yet well 
understood. 

The practical importance of the curvature shown in 
Figure 18 was emphasized. It was pointed out that 
the effects of a wide range of humidities had been in- 
vestigated, some very high compared to those ordi- 
narily encountered. In practical work most of the data 
would be obtained from the low end of the curves of 
Figure 18, where little ambiguity in numerical values 
would obtain. 


K-BAND ATTENUATION DUE TO 
RAINFALL? 


Introduction 


Tn order to- determine the attenuation of 1.25-cem 
wavelength radiation by rain, controlled radio and 
meteorological measurements were undertaken in an 
area providing adequate climatic conditions for the 
study. It was apparent that the attenuation measure- 
ments should be made in an area of maximum precipi- 
tation for expediency. Furthermore, the experiment 
demanded periods of varying rates of rainfall with fre- 
quent “clearing” for calibration purposes. Tropical 
orographic (mountainous) rain seemed to offer the 
greatest probability of fulfilling these conditions, 

A brief reconnaissance of the Hilo, Hawaii, area 
showed that a site near Kaumana was adequate, hav- 
ing a yearly fall in excess of 250 in., as compared with 
an annual rainfall of 10.10 in. in the San Diego area. 
A 1.21 statute mile link was chosen parallel to the 
mean trade wind vector, i.e., due east-west, and was 
located on a lava flow of 1881. The lava was covered 
with saw grass and low brush. The terrain had a gentle 
slope from the receiver at 2,500 ft to the transmitter 
at 2,800 ft above mean sea level. 


Rainfall Intensity 


Orographic lifting of the unstable moist tropical 
air caused frequent 2- to 3-day periods of precipitation 
having a wide range in intensity. On one occasion in- 


PBy L. J. Anderson, U. S. Navy Radio and Sound Lab- 
oratory. . 
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tensities as high as 125 mm per hour were observed. 
Due to the light winds associated with orographic 
precipitation an essentially vertical trajectory of the 
raindrops was obtained ; and, therefore, representative 
sampling of the rain falling through the radiated 
energy path was accomplished by placing the gauges 
directly in line between the transmitter and receiver. 

Although the rainfall intensity varied widely both 
with time and in space, well-coordinated measuring 
techniques having sufficient coverage detected periods 
when the rate of fall along the path was uniform. 
Since such periods of uniformity seldom lasted longer 
than 60 sec, precise control and timing were vital. Two 
methods of determining the rate of precipitation were 
employed. Five Julien Friez tipping-bucket automatic 
recording rain gauges were evenly dispersed along the 
path and their signals were recorded on a single 
Esterline-Angus five-pen recorder at the receiver sta- 
tion. In: addition, four rain shelters employing the 
“funnel and graduate” technique were installed be- 
tween the automatic gauges as shown in Figure 20. 
The rain shelters were provided with field phones four 


ATTENUATION PATH 
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Ficure 20. Layout of experimental path and apparatus. 


receiving instructions as well as simultaneous signals 
for taking graduate readings and exposing drop size 
blotters. During operations, signals for graduate read- 
ings were given every 30 sec. Blotters for drop size 
measurements were simultaneously exposed on an 
average of every 5 min. 


Radio Equipment 


The equipment used for the attenuation measure- 
ments is shown in Figure 21. It was relatively simple 
and required little attention once the initial warm-up 
drifts were stabilized. The technique for a satisfactory 
measurement involved a comprehensive check of the 
“clear weather” values before and after any one rain- 


fall. 
(/ PARABOLOID 


: TF 
l AMPLIFIER 


RECEIVER 


POWER 


Figure 21. Block diagram of K-band attenuation measurement apparatus. 
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The transmitter was housed in a small elevated 
shack and the antenna and guide were protected from 
the rain by a back-sloping shutter flap. 

A 2K33 tube, modulated with 800 c, was used as the 
transmitter. Wave-guide feed was employed on a 2-ft 
paraboloid antenna (beam width 1,7°). A thermistor 
with a directional coupler was used as a power 
monitor. 

A 2-ft paraboloid collected energy at the receiving 
end and fed the receiver through a wave guide. A 
superheterodyne utilizing a 2K33 local oscillator drove 
a 30-mc i-f amplifier with 6-me bandwidth. The second 
detector output fed an audio amplifier and recorder. 

A signal generator was used to check the receiver 
characteristic. This generator consisted of a 2K33 
tube and two flap attenuators. Fixed pads were used 
on either side of the flap attenuators to provide a flat 
line. The characteristics of the flap attenuators were 
checked every few hours, using a K-band thermistor. 
Each flap was calibrated and used over a 12-db range. 
Resettability was approximately +0.1 db. A small 
nozzle was used to direct the output of the signal gen- 
erator upon the receiving paraboloid. Calibrations 
were made before, during, and after rainfalls and were 
within +1.0 db over the 5- and 6-hour measuring 
periods. 


Analysis 


The primary attenuation curve of Figure 22, shown 
with solid dots, was obtained by choosing periods when 
the rainfall at all stations, including the automatic 
gauges, was essentially uniform. Six such periods of 


° 10 20 30 40 50 60 70 80 
MM PER HOUR 


FicurE 22. Primary attenuation curve of K-band 
radiation in rain. K-band attenuation versus rainfall 
intensity. (Note: Decibels per nautical mile.) 
uniform fall along the path were selected covering the 
important range of 0 to 41 mm per hour. Figure 23 
is a rainfall intensity profile of the highest uniform 
fall recorded. By Humphreys’ classification of rain® 
the intensities covered by the primary curve are more 
91 mm per hour, light rain; 4 mm per hour, moderate rain; 


15 mm per hour, heavy rain; 48 mm per hour, excessive rain. 
See reference 24. 
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Figure 23. Profile of rain intensity along the path. 
Time 223645. 


than adequate for normal rates of precipitation en- 
countered in nature. 

Using the primary attenuation curve thus obtained, 
it was possible to extend the curve for extremely high 
rates of fall (cloudbursts) in the following manner. 
Figure 24 is a rain intensity profile at an interval of 
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Ficure 24. Intensity profile during uneven precipita- 
tion. Time 171115. 


nonuniform rainfall distribution. The area under the 
curve is divided into sections as shown. These sections 
cover the portions of the path where the intensity was 
below 41 mm per hr. Hence with the primary attenua- 
tion curve and a planimeter it is possible to assign the 
contribution that each section makes to the total ob- 
served attenuation (assuming that the attenuation in 
decibels is linear with distance). 

After subtracting out the part of the attenuation 
already known, the high intensity central portion is 
left to account for the residual attenuation. Dividing 
the residual attenuation by the fraction of a mile cov- 
ered by this part of the path and plotting this value 
against the average intensity in the interval gives a 
point at 78 mm per hour. As a check on the method, 
similar profiles were worked up which gave points 
below 40 mm per hour. These are plotted as open cir- 
cles, as shown in Figure 22. It will be seen that the 
open circles agree quite well with the solid ones, 
and hence considerable confidence in the high inten- 
sity points is justified. 


Discussion 


The total observation time of the experiment was 
roughly 3 hours, about half of this total time being 
represented by the figures presented with the paper. 
It was necessary to employ a large number of precipi- 
tation measuring stations along the path in order to 
obtain an accurate precipitation profile. Some inci- 
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dental work on drop size was also done. The spread 
in drop size at a given time was rather large, probably 
because of the orographice character of the precipita- 
tion, which was made up of drops falling on the aver- 
age not much more than 1,000 ft, as compared to ordi- 
nary rain falling 5,000 to 6,000 ft. The longer period 
of fall in ordinary rain probably permits a greater 
number of drops to reach the characteristic sizes. 


ABSORPTION OF MICROWAVES BY 
THE ATMOSPHERE, BRITISH WORK' 


The working committee of the Ultra Short Wave 
Panel has presented a report in which the following 
questions are treated in detail: 

1. The absorption of microwave radiation by oxy- 
gen and vapor. 

2. The absorption of microwave radiation by water 
in macroscopic form, for example, rain, clouds, fog. 

3. The measurement in the laboratory of dielectric 
constants and conductivity which have already been 
described (see page 268 ). 

The work under item (1) consisted chiefly in show- 
ing that the attenuation given by Telecommunication 
Research Establishment radar experiments at Llan- 
dudno at a wavelength of 1.25 cm was consistent with 
the theoretical values given in reference 1. The experi- 
mental method consisted of comparing the echoes re- 
ceiyed on X- and K-band radars from a standard re- 
flector at short range and from land echoes at a large 
range. Care was taken to insure that the reflecting tar- 
gets did not reflect an amount of energy which was 
dependent on frequency. In this way a minimum value 
for the attenuation on X = 1.25 cm was found to be 
0.14 db per kilometer. New values based upon revised 
values of the widths of the various lines of water vapor 
and oxygen show that almost the whole of this atten- 
uation must be due to absorption by water vapor and 
further that to obtain an absorption as high as 0.14 
db per kilometer the frequency at the important water 
vapor line must lie close to 1.25 cm. 

The work under item (2) has been carried out, in 
the case of rain, by assuming what seemed a plausible 
distribution of drop sizes and calculating on this basis 
the attenuation that would occur at a standard pre- 
cipitation rate. Then by making a climatological sur- 
vey, information can be given of the proportion of 
time during which the attenuation can be expected 
to exceed a given value for a radar or radio commu- 
nication set working on a given wavelength at a given 
location. The calculations for a standard precipita- 
tion rate gave the following estimates for the maxi- 
mum attenuation likely to occur (that is, for the 
most unfavorable drop size distribution that was 
thought likely to occur). 


"By F. Hoyle, Ultra Short Wave Panel, Ministry of Supply, 
England. 


S band: 0.003 db per km per mm per hr. 
X band: 0.06 db per km per mm per hr. 
K band: 0.22 db per km per mm per hr. 


The climatological part of the program involves a 
great deal of statistical work and is not yet complete. 
The following preliminary results can be given. 

At Padang in Sumatra we may expect, twelve times 
a year, periods of 1 hr when the average attenua- 
tion on 1.25 em will be some 6 to 12 db per kilometer; 
on 3.0 em, 2 to 4 db per kilometer; and on 10 em, 0.1 
to 6.2 db per kilometer. 

In England only once a year will the average at- 
tenuation over a period of one hour reach 1 to 2.5 db 
per kilometer on 1.25 em; 0.3 to 0.8 per kilometer 
on 3.0 em; and 0.02 to 0.04 db per kilometer on 
10.0 cm. 

It should be noticed that these attenuation figures 
are for point-to-point communication and must be 
doubled in the radar case. 


DIELECTRIC CONSTANT AND LOSS 
FACTOR OF LIQUID WATER AND 
THE ATMOSPHERE® 


In propagation problems the knowledge of the 
electric properties of the ground, sea, and fresh water, 
as well as those of the atmospheric gases, are of funda- 
mental importance. Collected here are the available 
data on these materials. Clearly, the study of the 
reflection coefficients leads indirectly to the dielectric 
properties of these materials. Here we will be con- 
cerned more with the direct determination of their 
dielectric constants and loss factors. 


Experimental Methods 


RerLucrion-TRANSMIssIon MrtHop 

First we should like to sketch here the basis of the 
different experimental methods used in the determina- 
tion of the dielectric properties of materials. 

One of these is the reflection-transmission method 
which was used by Ford*’ in his studies of the prop- 
erties of the ground. This same method has also been 
used recently by Saxton®®*® on water in investigating 
the temperature dependence of its dielectric properties 
at 1.25 and 1.58 em. 

If the power transmitted through two thicknesses 
d, and d, of the material in question are 


P, = Po e-eh ’ 
P2 = Po e7%4, 9 
then the absorption coefficient a is given by 


2.3 P, 
= = 77 
R= Gh logio P,’ (77) 


a 


*By L. Goldstein, Columbia University Wave Propagation 
Group. 
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where P, is the incident power. 
The absorption index & in the complex refractive 
index 


N=n-—jk (78) 
is related to the absorption coefficient by 
4nk 
= 79 
Gis (79) 
and hence 
2.3 P; 
k= logis = 80 
4nd =" P,’ ) 


where d stands for (d,—d,). Also 


N? = (n— jk)? = & — jes 
=e j600N, (81) 


er is the real part of the dielectric constant, ¢ its 
imaginary part; o is the conductivity of the sub- 
stance is mhos per meter; and A the wavelength in 
meters. One obtains readily from equation (81) 


n—k? =e, 


2nk = e; = 600d. >) 


The absorption index & is measured directly by two 
galvanometer readings proportional to P, and P,. 
The refractive index n is derived from the reflection 
coefficient J?y for almost perpendicular incidence, 
using 
2 V+kh?+1—2n 
Nn +ke+ 1+ 2n° 


Then n and & determine e, and c. Saxton claims that 
in this method at least one quantity, the absorption 
index, is measured directly while the other, the re- 
fractive index, is derived from the measurement of 
the reflection coefficient. 

In the other methods, given later, neither of these 
quantities is measured directly. 


(83) 


Stranping Wave Rario Mreryuop 


By limiting the clectromagnetic field to the en- 
closure of a hollow pipe or coaxial line, the energy 
is completely confined, stray effects are eliminated, 
and small amounts of any dielectric can be inves- 
tigated accurately.4°*? The following gives the the- 
oretical foundation of this “standing wave ratio” 
method for measuring complex dielectric constants. 

1. A transmitter radiates waves of a given fre- 
quency into one end of a closed wave guide. These 
are reflected by the metallic boundary at the other 
end. Standing waves are set up in the guide, and 
they can be measured by a probe detector traveling 
along a slot in the pipe parallel to its axis. The dielec- 
tric is inserted at the closed end of the pipe, opposite 
the transmitter, and fills the pipe up to a height d. 
Above it the standing wave pattern is measured in air. 
The real and imaginary parts ¢, and «; of the dielec- 


tric constant are calculated from the ratio of the field 
strengths in node and antinode Hmin/Emax, and the 
distance 2, of the first node from the surface of the 
dielectric. 

The modulus and the argument of the reflection 
coefficient are obtained from 


_ (ZO)/Zu) — 1 
~ (Z)/Za) + 1’ 
where Z(0) is the characteristic impedance of the pipe 
section filled with the dielectric understudy, Z,, is 
the intrinsic impedance of the air-filled portion of 
the pipe. By denoting 

Z(0) 

Za 
where 5, and 8 are, respectively, the real and im- 


aginary part of 8, the reflection coefficient R can be 
written as 


R= pei® (84) 


= tanh 6 = tanh (5, + j6,), (85) 


R= |Rle-*, 
= pei, 


(86) 
with 


p= |R| =e-*s arg R = —r — 26; = —®. (87) 


From the expression of the reflected field strengths 
one finds that the distance 2, of the first node from 
the surface is given by 


— 6M 
ar 
where 6; is connected directly to the phase shift ® at 
reflection through equation (87), and A, is the wave- 
length in air of the radiation. The measurement of 

Z, thus yields 8; Similarly, one finds that 


tanh 6, = | Enin / Emax |. (89) 


2. Calculation of diclectric constant and loss fac- 
tor from terminating impedance. The intrinsic im- 
pedance of the dielectric-filled portion of the guide 
is found to be 


T = ’ (88) 


Z(0) = Ze tanh 72 d, (90) 
where 
Ze aeen (91) 
v2 


The subscript 2 refers to the dielectric medium, pz 
is its permeability and y, is the propagation coustant 
of dielectric-filled section of the guide; for the TH 
waves, Zo. is the impedance of the dielectric medium 
itself. Using equations (90) and (91), one gets 


tanh yod MG Z(0) Mi (92) 
yedl Z an dy pe 


The propagation constant y, determines finally the 
complex dielectric constant «, through the funda- 


eS 
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mental relation 


neem] 


where the cutoff wavelength A, is determined by the 
geometry of the guide and the type of wave. In the 
air-filled section of the guide 


n=[(BY- ene]. 


Consequently, from equations (93) and (94), the 
complex dielectric constant of the material under 
study becomes 


be (1/X.)? — (y2 / 2)? 


ic 6 95 
"(17 r0)? + (1/7)? oe 
where 
n=Jj = (96) 


for free space. Finally 


2=6 (2 i (97) 


The solution of equation (93) can be found from 
charts. It is claimed that with this method materials 
with very low dielectric losses can be investigated 
satisfactorily. ; 


Tue Resonator Q Mrruop*® 


Here the procedure consists in measuring the 
change of resonant frequency of a closed cylindrical 
resonator upon the insertion, along the axis, of a rod 
of the dielectric material in question. By observing 
the change of Q value resulting from the insertion of 
similarly dimensioned specimens of different mate- 
rials, it is possible to obtain comparative loss tangent 
values. The relevant theoretical relations are sum- 
marized below. 

By definition the Q value of a resonator system is 
given in convenient form by the relation 


energy stored 


energy loss per half cycle 


Both the energy stored and the energy loss can be 
computed from the field distributions within the 
resonator, and these are given, for a Tf wave, as 


He = AJ: (yp), (98) 
ji, es) (99) 
o + jue, 


where H, is the tangential magnetic field strength 
in amperes per meter. H, is the axial electric field 
strength in volts per meter, p is the distance of the 
point in question from the cylinder axis, y is the propa- 
gation constant 


? = new" — juon, 


w is the angular frequency, » the permeability in 
henrys per meter, and A is a constant determined by 
the strength of the exciting source. In the formulas 
(98) and (99) it was assumed that the walls of the 
resonator are of infinite conductivity so that no elec- 
tric intensity exists in them. This requires that 


E,(p = a) = Jo (ya) = 0, (100) 


where a denotes the radius of the resonator. This 
equation has an infinite number of real roots, the low- 
est being ya = 2.4048, and this determines the fun- 
damental resonant frequency and wavelength d,. If o, 
the conductivity of the dielectric, is neglected in com- 
parison with ¢w, the propagation constant becomes 


——— «2 
y¥=w Vue = —. 
bi We 


(101) 
e, is the dielectric constant of the material filling the 
resonator taken relative to air. Since A can be meas- 
ured, this dielectric constant may be derived from the 
relation 


2rde _ 9 4048 


2 2 
« = 0.146 () a () 
a do 


No appreciable error will be committed in using the 
preceding results for the practical case of dielectrics 
with low but finite conductivity. 

The Q of the filled cylindrical resonator is shown 
to be 


or 


(102) 


a 


a(1 +3,)tatans 
Here d is the wave-guide skin depth, 2z, is the axial 
length of the resonator and tan § = «/e, is the loss 
factor of the dielectric. Consequently 
1 1 
=———) 
tan 6 a 
where Q, is the Q of the air-filled resonator. 

It should be remembered in this connection that 
the theoretical Q, values, in general, are found to be 
considerably different from the measured ones. This 
tends to limit the reliability of the method. 

After having thus sketched the different methods 
used in the determination of the complex dielectric 
constant of substances of importance in wave propaga- 
tion, we turn now to the presentation of the data. 


Q = 
(103) 


(104) 


Liquip WATER 

Table 17 gives the results obtained recently on 
liquid water.??-585%.44 

It has been found by Saxton and Lane that the 
temperature variation of the dielectric constant in the 
range 0 to 40 C at 1.24 and 1.58 cm can be ac- 
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TasLE 17. Temperature variation of the dielectric 
properties of water. A = 1.24 cm.%8,89 


°C n ke er « @ mhos/m 
0 4.68 2.73 14.4 25.5 34.3 
3 oo 80 0058 27* 27* 36.0* 
5 5.24 2.89 19.1 30.3 40.7 
10 5.74 2.92 24.4 33.5 45.0 
15 6.17 2.88 29.8 35.5 47.8 
18 poco 2000 32.1 39.2 51.8 
20 6.53 2.77 34.9 36.2 48.6 
25 6.84 2.63 35* 23* 30.6* 
oc pote 2000 39.8 36.0 51.1 
30 7.10 2.48 44.2 35.2 50.0 
35 7.30 2.30 48.0 33.6 45.1 
40 TAT 2.11 51.3 31.5 42.4 
60 pecs 200 44* 14* 18.6* 


*Data from reference 22, at A = 1.25 cm. 
tData from reference 44, at \ = 1.26 cm. 


Taste 18. Temperature variation of the dielectric 
properties of water.38,39 ) = 1.58 cm. 


tC, n k & & o mhos/m 
0 5.24 2.90 19.0 30.4 32.0 
5 5.84 2.97 25.3 34.7 36.6 

10 6.36 2.91 32.0 37.1 39.2 

15 6.77 2.78 38.1 37.6 39.7 

20 7.13 2.61 44.0 37.2 39.2 

25 7.40 2.41 49.0 35.7 37.6 

30 7.59 2.21 52.7 33.5 35.4 

35 7.72 2.01 55.5 31.0 32.7 

40 7.81 1.80 BY te 28.1 29.7 


TaBLE 19. Relaxation times of water at different tem- 
peratures. 8,39 


°C 7 X 10!2 sec °C 7 X 10! sec 
0 19.0 25 6.8 

5 14.6 30 5.9 

10 11.85 35 5.2 

15 9.6 40 4.5 

20 8.1 


counted for with simple theoretical formulas. At any 
given temperature one single characteristic constant, 
the “relaxation time,” was sufficient to account for the 
frequency dependence of the complex dielectric con- 
stant of water. The formulas in question are the 
following: 


mies e+ én? 7 of, Soe 
14+2? 1l+2?’ 


O12 = (ey) ee 
1+2? 


(105) 
€s + €or? 
142?’ 


or 
« = n’?— k?, 
Gar €,0? (106) 
~ tae? 
and 
€5 = 2nk. 
Here 


L= or = Qnfr, 


with + denoting the relaxation time, ¢, is the static 
dielectric constant, «, the optical dielectric constant 
due to the sum of the electronic and atomic polariza- 


tions. 
Considering 7 as a parameter to be derived from 


the experimental data, one finds in Table 19 the re- 
laxation times in the 0 to 40 C temperature range. 

Table 20 refers to 10-em waves for which measure- 
ments were made in the temperature range 0 to 
40 C.*>48 In one series of measurements the wave- 
length was 9.72 cm, but this is considered close 
enough to have the corresponding data included with 
the 10-cm waves. 

The preceding table indicates that the agreement 
between calculated and measured values of n and & 
is satisfactory. It is to be noted here that the experi- 
mental results on S band were obtained by the stand- 
ing wave ratio method, those at K band with the reflec- 
tion-transmission method. 

Using equations (105) and (106), the temperature 
variation of the refractive and absorption index, or 
real and imaginary parts of the complex dielectric con- 
stant, can be tomputed at any wavelength provided 
that the relaxation time at the temperature in ques- 
tion is known. 

In tables on page 301 the temperature variation of 
the indices n and & are given. These results were com- 
puted with the aid of formulas (105) and (106). 

It is thought**** that until more extensive experi- 
mental results become available the computed values 
can be regarded as representing the best information 
available on the dielectric constant of water in the 
millimeter and centimeter range. Figure 25 represents 
the best available information on water at 20 C. 


Icr 


A certain number of measurements on the dielectric 


TasBLE 20. Temperature variation of the dielectric properties of water.45,46 2 = 10 cm. 


Refractive index n 


Absorption index k 


Experimental Experimental 

°C Cale 2X=9.72cm A= 10 cm Cale X=9.72em A = 10cm ercale «calc o mhos/m 

0 8.99 8.95 5000 1.47 1.35 p00 78.66 26.43 4.40 

5 9.04 20s S056 1.14 coo 3 nog 80.42 20.61 3.44 
10 9.02 9.00 cos 0.90 1.10 cooc 80.55 16.23 2.70 
15 8.96 pos 2090 0.76 oobe pose 79.7 13.61 2.27 
20 8.88 8.88 8.84 0.63 0.90 0.66 78.46 11.20 1.84 
25 8.80 noe Son6 0.50 coo 2006 77.20 8.80 1.46 
30 8.71 8.75 8.69 0.45 0.73 0.54 75.66 7.84 1.30 
35 8.62 soot 2009 0.40 boos one's 74,14 6.89 1.16 
40 8.53 8.60 8.56 0.36 0.60 0.40 72.63 6.15 1.02 
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Taste 21. Temperature variation of the dielectric 
properties of water.53,39 ) = 0.50 cm.” 


°C n k €r 4 o@ mhos/m 
0 $18 «76 «| 701 12 87.8, 
5 3.50 2.03 8.13 14.2 47.3 

10 3.80 2.25 9.38 17.1 57.0 

15 4.10 2.41 11.0 19.7 65.6 

20 4.39 2.54 12.8 22.3 74.3 

25 4.67 2.62 14.9 24.4 81.3 

30 4.94 2.67 17.3 26.4 88.0 

35 6.21 2.69 19.9 28.0 93.3 

40 5.47 2.69 22.7 29.4 98.0 


Tasix 22. Temperature variation of n, k, ¢, ¢; and o.38,39 
A = 3.2 cm. 


t°C n k & & o mhos/m 
0 7.10 2.89 42.0 41.1 21.4 
5 7.63 2,62 51.3 40.0 20.8 

10 8.00 2.33 58.6 37.3 19.4 

15 8.22 2.00 63.6 32.9 17.1 

20 8.33 1.72 66.4 28.7 14.9 

25 8.38 1.50 68.0 25.1 13.1 

30 8.39 1.31 68.7 22.0 11.4 

35 8.38 1.16 68.9 19.4 10.1 

40 8.35 1.02 68.7 17.0 8.85 


constants of ice were made in the centimeter wave- 
length range. The British workers*’ used the resonator 
Q method at 3 and 9 cm. The latest results on both 
these wavelengths are collected on the accompanying 
graph (Figure 26). The temperature range extends 
from about —50 C to 0 C. The refractive index turns 
out to be constant in this range. It was found to be 
equal to 1.75 at 3.01 cm and 1.72 at 9.18 em. The 
absorption index increased in this temperature range 
from about 0.0001 to 0.0010. 
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Ficurs 25. Refraction and absorption indices for 
water. 


Younker,” using the standing wave ratio method 
at 1.25 cm, found at about —15 C 


e, = 3.3 and « = 0.011, or c = 0.013 mhos/m. 


These data can be compared with those obtained at 
3.01 cm,*7 where 


er = 3.06 and ¢; = 0.00080, c = 0.00044 mhos/m. 


The difference at these two wavelengths between the 
conductivities appears much too large and further 
studies should clear up this discrepancy. The dielectric 
losses in ice in the centimeter region are, however, 
very small. 


IL SACQES OBTAINED AT 3,01 CM ON 
TWO DIFFERENT SAMPLES 
© VALUES OBTAINED AT 9.18 CM 
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Ficure 26. Absorption index (kx10+8) versus tem- 
perature for ice. 


At much lower frequencies the dielectric behavior 
of ice is given in Figure 27%. These data refer to a 
temperature of —12 C.*7 


ATTENUATION DuE TO WaTER VAPOR 


In order to determine the attenuation due to water 
vapor, Saxton endeavored to measure the refractive 
and absorption indices of water vapor.*® Using the 
resonator Q method, he found that by passing from 
9 to 3.2 em the real part of the dielectric constant 
changes from 1.0056 to 1.0051. According to a general 
relationship connecting the real and imaginary parts 
of the complex dielectric constant,*® the indicated 
variation of (e,—1) given by Saxton should be accom- 
panied by a tremendous absorption by water vapor in 
the microwave region as pointed out by Van Vleck.*® 
This is contrary to the data available and rules out 
the frequency variation of (e-—1) given by Saxton. 


cloth oS Oe! Nilo NIO7 Gulo= Mom a 
FREQUENGY IN C 
Ficure 27. Loss factor and dielectric constant of ice. 
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According to Van Vleck, in the microwave region out- 
side of any resonance region, the refraction[(n’—1), 
n being the refractive index] or (e,—1), must be 
appreciably constant over the microwave region to 
account for the absence of any large absorption co- 
efficients. 

The conclusion is similar in case of resonance 
which occurs for both O, (0.25 em and the 0.5-cm. 
band) and H,O (—1.30 cm). The refractive index of 
the atmosphere free of condensation should be con- 
stant throughout the microwave region. Tlie refrac- 
tive index for infinitely long waves or the static dielec- 
tric constant can be used here. In the presence of con- 
densation, clouds, fog, and rain, the attenuation is 
increased considerably, and the refraction or («,— 1) 
might then differ from the static value. But under 
standard conditions, the refraction of the atmosphere 
should not change by more than a few parts in a 
thousand in the microwave region. 


LABORATORY MEASUREMENTS OF 
DIELECTRIC PROPERTIES* 


The working committee of Ultra Short Wave Panel 
has presented a report dealing with the measurement 
in the laboratory of 

1. The dielectric constant and loss angle in super- 
heated steam for wavelengths in the S, X, and. K 
bands. 

2. The dielectric constant and conductivity of bulk 
water for the K band. 

These experiments have been carried out by Saxton. 
The method adopted on S and X bands in (1) was to 
allow superheated steam to isue freely through a 
resonator into the air. The pressure throughout the 
apparatus was accordingly the atmospheric pressure. 
The temperature of the steam was measured before 


tBy F. Hoyle, Ultra Short Wave Panel, Ministry of Supply, 
England. 


entering and after leaving the resonator. The temper- 
ature difference between these measurements was no 
more than 2 C, so it seems clear that no condensation 
of water droplets could occur within the resonator. 
A somewhat different technique was employed for 
X band in that the resonator was replaced by a wave 
guide. If ¢« is the dielectric constant, then the best 
representation of the results is obtained by plotting 
(e—1) against 1/7, for each wavelength where T 
is in degrees absolute. It was found that the results 
for different values of T fitted very well to a straight 
line as they should theoretically, but the value of 
(e—1) for all values of T was found to be systemati- 
cally about 10 per cent less than would have been 
expected on the basis of previous measurements of the 
dielectric constant of steam at much longer wave- 
lengths. This discrepancy was found on X and K 
bands. The reason for the discrepancy is not yet under- 
stood. It is known, however, that the reduced value of 
(e—1) does not arise from strong dispersion occur- 
ring in the microwave band since there is no evidence 
of any abnormal absorption. 

The method adopted in (2) was to measure first the 
attenuation factor of radiation passing through water. 
This was done by placing a transmitting horn above 
a large shallow trough and a receiving horn below 
the trough. The attenuation factor was measured im- 
mediately by varying the depth of the water in the 
trough. Second, the reflection coefficient of electromag- 
netic waves incident normally on a plane surface of 
water was measured. These two observations were 
sufficient to determine the dielectric constant and 
conductivity of water. The results obtained for a 
wavelength of 1.58 cm were: 

Dielectric constant about 40; 

Conductivity about 4.10 esu.14 
The same values were obtained for both tap water and 
distilled water, showing that the presence of salts in 
the water had little effect on the value of the con- 
ductivity. 


Chapter 6 
STORM DETECTION 


STORM DETECTION BY RADAR* 


siti sumMer (194+) a study was made of the 
meteorological echoes observed on a Canadian 
microwave S-band early warning radar set at Ottawa. 
These were correlated with check observations on the 
weather made by a large number of local observers dis- 
tributed over the area covered by the set. It was found 
that observers inside the source area of the echo always 
reported rain; just outside the echo (1 to 5 miles) 
there was a half chance of light rain. Atmospheric 
electrical disturbance was present in less than half 
the cases checked. Echoes became less frequent at in- 
creasing distances from the set but in some cases were 
seen at 160 miles. 

The display system that we have used is a plan posi- 
tion indicator [PPI] tube. This tube provides a map 
of a circular area centered on the location of the set 
and extending out at choice to 40 or 80 or 160 miles. 
The last-mentioned setting was the one used most of 
the time. 


Procedure 


During the hours of operation a 16-mm motion- 
picture camera was kept running, taking pictures of 
the PPI display and a clock alongside, exposing one 
frame of the film for the duration of each revolution 
of the array. Thus about four photographs were ob- 
tained per minute. At the same time we watched the 
progress of moving echoes across the screen and made 
telephone calls to any observers that were available, in 
the neighborhood of any echo. From the observer the 
existing state of the weather was determined ; his re- 
marks and the exact time were carefully noted. 

We checked the echoes and their movement as re- 
corded on the film against the information obtained 
about the weather from the observers. We also made 
charts of the echoes, based on the film, at 30-minute 
intervals. 


Weather Information 


Facilities of which we availed ourselves for obtain- 
ing information were, among others: 

1. Ottawa meteorological stations. These stations 
provided us with as many as three forecasts a day and 
with weather information generally. 

2. Distant meteorological stations. Apart from the 
Ottawa stations, the nearest weather station, 57 miles 
away, is at Canton, N. Y. Its reports are included in 


® By Col. J. T. Wilson, Director of Operational Research, 
NDHQ, Canada. 
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the teletype sequences that come to us. 

3. Unofficial observers, consulted by telephone. Since 
the official weather stations did not provide the close 
network that we required, we compiled a list of per- 
sons whose location could be closely marked on our 
map and whom we could consult about existing 
weather conditions to the extent that an untrained 
ybserver would be competent. 


Correlations 


Our aim was to correlate observed echoes with 
weather conditions. At first clouds were thought to be 
possible sources of echoes, and it was thought that 
fronts might produce some sort of echo quite inde- 
pendently of cloud or precipitation along the front. 
The earlier part of our work showed that on after- 
noons with heavy cumulus clouds but with no pre- 
cipitation there were no weather echoes. On days with 
scattered showers, however, echoes were observed. 
Also, the passage of a front did not seem to produce 
any peculiar sort of echo or any echo that could not 
be attributed to precipitation along the front. 

In analyzing our correlations, we have found it 
convenient to consider them in two groups. First, there 
are correlations with echo, that is, correlations when 
the observer was in the vicinity of an echo, although 
not necessarily right inside the echo. All correlations 
involving telephone calls to local observers were of 
this type, for we didn’t make such a telephone call 
unless there was an echo in the vicinity. Second, there 
are correlations with weather, or correlations with 
weather stations, when we first select an occasion when 
precipitation is reported (by an official station) and 
then go looking in our records for an echo to match. 
Nearly all the precipitation recorded at the weather 
station during our hours of operation was light, and 
too light, as it proved, for us to detect it at the distance 
we were away. Thus there is only a very small number 
of echoes associated with correlation with weather, 
and so very little overlapping between this group and 
the group of correlations with echo. 


Taste 1. Precipitation inside and just outside echoes. 


Observer’s position relative to echo 


Inside Outside 

(1 to 5 miles) 

No. % No. % 

Cases of no rain 0 0 19 48 
Very light rain 6 13 7 17 
Light rain 16 33 13 33 
Moderate rain 13 27 1 2 
Heavy rain 13 27 0 0 
Total 48 100 40 100 
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Correlations with Echo 


Table 1 gives a summary of the results obtained in 
the form of a comparison of precipitation observed in- 
side and just outside the echoes. 


Correlations with Weather Stations 


Correlations with weather stations were notable 
chiefly for the rain we did not detect. Nearly all the 
precipitation observed at the station was light and 
apparently too light to produce echoes effective at such 
distances. Weather reports on the teletype from Ot- 
tawa itself were not correlated with echoes because 
most meteorological echoes within 10 miles were ob- 
scured by permanent echoes and distortion at the 
center of the PPI. The next closest weather station is 
at Canton, N. Y., 57 miles from our set. The rainfall 
for every hour was obtained from a rain gauge at 
Canton, and in addition some of the teletyped weather 
reports were received. Rain was reported from Canton 
on five occasions during our hours of operations. On 
one of these occasions we had an echo directly over 
Canton; on three others we had an echo within three 
miles of Canton; on one occasion we had no echo in the 
vicinity at all. The details are given in the table. It can 
be seen that we detected rain falling at a rate of 0.2 in. 
per hour and failed to detect rain falling at a rate of 
0.03 in. per hour. 

TaBe 2. Rain at Canton, New York (U. S. Weather 


Station, 57 miles from set) during analyzed hours of 
operation. 


Rainfall 
Case in. /hr* Thunder Echo 
1 0.20 Yes Overhead 
2 0.05 Yes 1 mile away 
3 0.3 Yes 2 miles away 
4 Trace No 3 miles away 
5 0.03 Yes No echo 


*All rates taken from gauge reading made at hourly intervals. 


Résumé of Correlations 


Our checks with local observers out to 60 miles 
from the set revealed the following: Inside the echo 
there is sure to be rain, with a 0.3 chance that it is 
moderate or heavy. Just outside (1 to 5 miles) there 
is never more than light rain, and a half chance of 


none at all. Further, the chance of an observer in the | 


vicinity of an echo reporting thunder was 0.4. Our 
checks with weather stations were less relevant, be- 
cause only two echoes passed over weather stations 
during the period studied. But from the numerous 
cases of light rain at these stations that we did not 
detect, we can say that we cannot detect light rain at 
90 miles. By light rain we mean rainfall less than 0.1 
in. per hour, and this can just be detected at 50 miles. 
Further, to judge by one storm that we detected and 
one we missed at Canton, we can detect 0.2 in. per 
hour and cannot detect 0.03 in. per hour at 57 miles. 


Fraction Detected by Radar of 
Total Quantity of Rainfall 


Starting from the proportion of hours of rain that 
give an echo, we have used the distribution with rate 
of rainfall of the hours of rain to give us a value for 
the minimum rate of rainfall that will give us an 
echo. Now using a distribution with rate of rain- 
fall of the quantity of rainfall, we can proceed to de- 
termine the proportion of the total quantity of rain 
that was observed by radar. The proportion is quite 
high: 83 per cent close to the set, 62 per cent at 
50 miles. 


Comparison with Ryde’s Theory 


Computations of the echo strength to be expected 
have been made on the basis of the theory developed 
by J. G. Ryde of the General Electric Company (Brit- 
ish). The experimental results are in satisfactory 
agreement with theory. (See page 269 ff.) 


The Best Frequency for Storm 
Detection 


The sensitivity to rain of the frequencies we have 
been using is such that with the power available we 
can obtain satisfactory performance. At higher fre- 
quencies the sensitivity, according to theory, is con- 
siderably higher, but considerations of absorption 
made by Ryde would keep us from going to much 
higher frequencies. Absorption affects us in two dif- 
ferent ways. In the case of widespread rain, even of 
moderate intensity. there is enough absorption between 
the set and the echo source to reduce our effective range 
considerably. Where there is no widespread rain but 
the rain that we want to see is heavy and concentrated, 
the absorption of high-frequency radiation by heavy 
rain can be so great that hardly any of the radiation 
impinging on the storm makes its way back out to be 
reflected. We could actually fail to detect a storm in 
this way, because the storm was too intense. The fre- 
quency we are using (S-band) is safe against both these 
effects, but increasing it by a factor 3 would lead us well 
into them. 


Ultimate Range—Greater Range 
of a Production Set 


The performance of the prototype set we have used 
has been specified in the previous section by its range 
for aircraft. The performance of the same design of 
set, constructed and installed to the final production 
specification, is known to be better: the range for air- 
craft is approximately twice as great, and some calcula- 
tions show that very roughly the range of a produc- 
tion set for storms will be twice that of our proto- 
type set. ‘ 

The full account of this work is published as: Sum- 
mer Storm Echoes on Radar MEW, Report No. 18 
of the Canadian Army Operational Research Group. 
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FIRM ECHOES: 
GROUND 


OlFFUSE ECHOES: 
SNOW 


Figure 1. Typical S-band PPI display of snow echoes. 


S-BAND RADAR ECHOES FROM SNOW? 


Since June 1944, the Canadian Army Operational 
Research Group has been studying the nature and ap- 
plication of S-band radar echoes from storms. During 
the past winter we studied echoes from snow, obtained 
on occasions when snow was present and rain definitely 
was not. 

Heavy snow has been detected on five occasions, 
with maximum ranges varying from 30 to 65 miles. 
One moderate snowfall which kept all aircraft 
grounded was not detected at all, even at the minimum 
range of 10 miles. 

Roughly, rain and snow of the same intensity, ex- 
pressed in inches of liquid water per hour, produce 
about the same echo and are detectable to the same 
range. Further, there seems to be no useful difference 
in pattern between echoes from the two sources. Fig- 
ure 1 shows a typical PPI picture of snow echoes made 
during the course of the study. 

Theoretically, this equality is not directly signifi- 
cant ; in the case of snow there is a much greater bulk 
of lighter material, falling more slowly and reflecting 
less well. 

Operationally, there are two reasons why radar 


bBy J. S. Marshall, Canadian Army Operational Research 
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storm detection is less useful in winter (in Canada). 
A given intensity of precipitation in the form of snow, 
say 0.1 in. of water per hour, is much more hazardous 
to flying and to ground activities than the same inten- 
sity in the form of rain. Further, great intensities of 
precipitation such as lead to long-range echoes in 
summer are almost nonexistent in winter in this 
region; therefore, detection at great ranges is not 
achieved. Thus S-band radar in summer can detect 
important storm areas to a radius of about 100 miles; 
in winter it detects hardly any weather beyond 50 
miles and misses some important snow even at 10 to 20 
miles. 

For the greatest total contribution of radar to fly- 
ing it is a good thing that echoes from snow are weak. 
This is important, for while the cumulo-nimbus ac- 
tivity detected in summer must always be avoided by 
aircraft because of violent air currents, flying in mod- 
erate snow can be safe with good blind-flying control. 
It is fortunate, therefore, that echoes from snow are 
probably not strong enough to interfere with any radar 
elements of this control. 

This work has been done with the cooperation of 
the National Research Council of Canada, the Ca- 
nadian Meteorological Service, and the Royal Canadian 
Air ‘Force. 


Chapter 7 


ECHOES AND TARGETS 


FLUCTUATIONS OF RADAR ECHOES 


INCE JUNE, 1948, the Propagation Group of the 
S Radiation Laboratory has had a project under way 
to investigate the nature and origin of fluctuations 
from close targets. This work has been done in the 
microwave region using the mobile S- and X-band 
sets belonging to the group. Most of the work has been 
on S band. We have restricted ourselves to targets 
sufficiently close to the radar that the more usual 
effects of atmospheric refraction can be neglected. 
We have not paid much attention to moving targets 
such as ships or planes, as their echoes are easily ac- 
counted for by the changing aspect of the target, 
propeller modulation, etc. 

One of the obvious sources of signal fluctuation is 
instability in the system. In our case system instabil- 
ity was chiefly due to ripple in the receiver, and sen- 
sitivity to changes in line voltage affecting the modu- 
‘lator, receiver, and indicator units. After considerable 
effort these forms of instability have been reduced but 
not completely eliminated. The transmitted pulse 
shows an average fluctuation about the mean of +0.1 
db with a maximum deviation about 0.5 db. Pulse-to- 
pulse frequency changes are not greater than 0.1 or 
0.2 me, and frequency modulation inside the pulse is 
less than 0.2 to 0.3 me. These figures are for the S- 
band set, and instability is somewhat greater on X. 
The r-f signal intensity is measured by comparison 
with a pulse from a calibrated signal generator. This 
pulse shows a fluctuation as large as the transmitted 
pulse, i.e., about +£0.12 db. It is believed that this 
apparent change is not in the signal generator but 
rather in the receiver and indicator units. 

Some radar signais show almost as little fluctuation. 
These are large man-made targets in isolated posi- 
tions viewed over land. Some examples that we have 
found are the Provincetown standpipe as viewed from 
Race Point in Provincetown and the Winthrop stand- 
pipe in Boston viewed from Deer Island. In these 
cases the average pulse to pulse deviation from the 
mean is +0.14 db. Such steady signals are the rare 
exception. Most echoes show changes that are much 
larger than can be accounted for by instability in the 
system tests. 


The Interference Concept 


When this research was started, it seemed to be a 


common idea that changes in atmospheric refraction . 
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in the path between the target and set could account 
for the observed variations. We have found little evi- 
dence for this belief. If the targets are closer than 10 
miles, the effects due to the atmosphere, if there are 
any, must be small compared to the more important 
phenomena shown by the echoes. The behavior of the 
radar echo is determined by the fact that a radar signal 
is usually not the return from a single target but rather 
the sum of returns from all targets within the area 
illuminated by the set. Since the radar beam is co- 
herent, the individual signals must be added in am- 
plitude taking into account the relative phase of the 
echoes. The total signal is the result of the interference 
between these component echoes. In the case of the 
standpipes mentioned above there were intervening 
hills so that only the top portions of the targets were 
seen by the radar, but in most other cases there is 
more than one target present, and the interference 
between these targets will determine the nature of 
the total echo. 

In the Boston region, we have found one very simple 
dual target consisting of two radio towers 500 ft high 
and 60 yd apart in range. Both constructive and de- 
structive interference has been observed in this case. 

The changes in the phase between the component 
signals might be due to several causes. If the index of 
refraction in the path between the two towers changes, 
then the optical path length would change. However, 
the deviation of the index from 1 would have to double 
in order to produce sufficient phase change. A change 
in the frequency of the transmitter could also account 
for the phase change. To produce the observed effect 
it would have to be greater than 42 me, which is larger 
than the frequency instability of the system. Finally, 
the towers themselves could physically move relative to 
each other and produce the phase change in a manner 
similar to that in the Michelson interferometer. To 
produce a phase change of x the targets need only move 
d/4 relative to each other. At S band this amounts to 
1 in. It does not seem unnatural that such tall struc- 
tures might sway in the wind by even a greater amount. 
To test this conclusion the signal from these towers 
was measured over a period of 4 days. The amount of 
fluctuation was estimated visually every half hour. 
These results showed a definite correlation with the 
speed of the wind. Large fluctuations occurred only 
with high winds. It was calculated that if the fluctua- 
tion had indeed been independent of wind speed the 
odds against getting the set of readings obtained by 
these measurements would be 10,000,000 to 1. 
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Assemblies of Random Scatterers 


In a more common type of radar target the entire 
illuminated area contains a large number of independ- 
ent targets with random phases. If we represent the 
signal from each target by a vector showing amplitudes 
and phase, then the total signal is found by adding 
up all these vectors. If the phase of the individual 
vector is changed slightly (for instance, by relative 
motion) this vector diagram would be rearranged and 
the total signal changed. Some practical examples are 
precipitation echoes, where the individual targets are 
the drops; window, where the echo arises from many 
strips of tin foil; and sea echo, where the individual 
targets are probably areas of reflection from the sur- 
face of the sea. 

The theory:of this type of target has been extensively 
worked out.** One of the questions that can be an- 
swered by the theory is to determine the probability 
P(Z) that a given signal from the target will be of 
intensity Z in range dJ. Or equivalently, one can find 
the fraction of returned pulses having intensity J in 
range dJ. [P(J) has been called the first probability 
distribution.] The result is simply 


dl 
P (D1) dI =e —, 
Io 


where J, is the average intensity of the echo. The con- 
tinuous curve in Figure 1 is a plot of this experi- 
mental formula. 

The equation for P(Z) is independent of the dis- 
tribution of the individual amplitudes, nor is it re- 
quired that the individual amplitudes be constant 
with time, only that the distribution shall be station- 
ary with time. The only other conditions that must be 
satisfied are that there shall be a large number of scat- 
terers and that they shall be independent of each other 
with phase random both in space and time. It will be 
seen from the formula that the most probable signal is 
always zero. Furthermore the distribution is indepen- 
dent of the number of targets. The rapidity of the fluc- 
tuations is determined essentially by the echo changes 
and the relative velocity of the scatterers. The detailed 
Telation has been worked out between the frequency 
spectrum of the fluctuations and the velocity distribu- 
tion of the particles.* The frequency of fluctuations 
should increase linearly with r-f frequency. 

In order to investigate experimentally this type of 
radar signal, it is necessary to get some method of 
measuring the intensity of the individual pulses. In 
our case this was obtained by photography of the single 
sweeps on the A scope. For this purpose a special A 
scope was used with a blue screen tube operated at 6 
kv. Commercial 16-mm movie cameras were used in 
which the shutter and claw had been removed and to 
which a high-speed motor drive had been added. 

By photographing a calibrated r-f signal generator 
pulse at the same receiver gain but at different r-f 


levels, one can obtain a curve for the deflection in 
centimeters against r-f intensity. By means of this 
curve the measured deflections from the pulse-to-pulse 
films can be converted into measurements of r-f in- 
tensity. From these experimental data it is possible 
to compute an experimental first probability distribu- 
tion. 

Figure 1 is an example of such an experimental dis- 
tribution obtained by measuring a thousand pulses of 


FiaureE 1. The first probability distribution, P (I) of 
the intensity of cloud echoes. Curve: P(I) =e7/0 
Histogram: experimental results. Film 90, S band, 
1,000 pulses. 


precipitation echo on S band. The continuous curve in 
that figure shows the thcoretical formula given above. 
The agreement is good. 

By what is essentially a Fourier analysis of these 
data, one can also determine the frequency spectrum 
of the video signal. Figure 2 shows such an experi- 
mentally determined frequency spectrum for sea echo 
yn both S and X bands. The spectrum extends to 
120 c on X band and about 50 c on S. The ratio be- 
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Figure 2. Experimentally determined frequency spec- 
trum for sea echo. 


tween the width of the spectra is 2.4 compared to 
2.88 for the ratio of wavelengths. This discrepancy is 
probably due to the crudity of the measurements on 
X band. 
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Ground Clutter 


The ordinary ground clutter consists of echoes from 
a variety of types of targets: earth, rocks, trees, 
branches, bushes, leaves, grass. Our present conception 
is that the fluctuation in ordinary ground clutter arises 
from the motion of leaves and branches in the wind, 
changing the phase patterns in a manner somewhat 
similar to that for random scatterers. There will in 
addition be a relatively steady signal from fixed ob- 
jects such as rocks and tree trunks. 

We have obtained much qualitative evidence for 
this picture, but it is difficult to obtain quantitative 
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Ficur 3. Fluctuation in signal from Blue Hills versus 
wind speed. S band, 10 a.m. April 24, 1944 to 11 a.m. 
April 25, 1944. 
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Figure 4. First probability distribution, Baker Hill; 
Maine. Wind speed 25 mph. Curve: theoretical, fixed 
to random signal =1 db. J) = average intensity. 
Histogram: experimental results. Film 103, 3,000 
pulses, S band. 


data because the wind speed at the target is not usually 
known. Fortunately, in the Boston area the largest 
ground signal is due to the Great Blue Hills, which 
is the site of the Blue Hill Observatory. It is thus 
possible to obtain data on the wind speed at the target. 
We monitored the signal from Blue Hills for a 24-hr 
period in April of 1944. Movies were taken of the 
A scope at regular intervals. During the period of 
observation the wind speed varied between 30 mph 
and dead calm. To interpret the data a somewhat crude 


parameter was defined as a measure of the amount of 
fluctuation. The change in the signal strength from 
one frame to the next (0.06 sec) was measured and 
averaged over 200 frames. 
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Ficure 5. First probability distribution, Mt. Penobscot, 
Maine. Wind speed 10 mph. Curve: theoretical, fixed 
to random signal = + 7.2 db. I) = average intensity. 
Histogram: experimental results. Film 82 (16 fr per sec), 
400 frames, S band. 


This parameter was then plotted against the wind 
speed as shown in Figure 3. There is a quite good 
correlation between the amount of fluctuation as meas- 
ured by this parameter and the speed of the wind. The 
fluctuation is of the order of 0.2 db at 0 mph, which 
is almost as good as our steadiest signals. At the other 
extreme the fluctuation is about 3.4 db at 30 mph. 
There appears to be a rather sudden jump in the fluc- 
tuation at a wind speed in the neighborhood of 20 
mph. This jump has been observed at other seasons of 
the year and is believed to be rather general. It is sig- 
nificant that the wind speed at which the jump occurs is 
roughly that at which large branches and small trees 
begin to move as a whole. 

The theoretical description for a simple picture of 
ground clutter consisting of an assembly of random 
scatterers (leaves, grass, etc.) plus a fixed signal 
(rocks, trees, trunks) is not difficult to work out. When 
the proportion of steady signal is small, the first prob- 
ability distribution closely resembles that for purely 
random scatterers. For a large ratio of fixed-to- 
tandom signal the amount of fluctuation is greatly 
reduced, and the first probability distribution tends 
to a Gaussian curve about the average intensity. This 
is illustrated in Figures 4 and 5. Figure 4 is a plot of 
the experimentally determined first probability dis- 
tribution for a signal from heavily wooded terrain on 
S band at 25-mph wind speed. This has been fitted 
by a theoretical curve for a ratio of fixed to random 
signal of —0.1 db. 

Figure 5 shows the distribution for a similar type 
of terrain but for a wind speed of 10 mph. Here the 
results are fitted to a curve for a ratio of fixed to 
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Ficure 6. Pulse-to-pulse record of the signal from Black Woods, Bar Harbor. Film 87, July 9, 1944. 


S-band, prf 333% per sec, wind speed 22 mph. 


ors random signal of + 5 db. The most probable intensity 
0.9 is no longer at zero, and the amount of fluctuation is 
ae considerably reduced. 

ag Figure 6 is a plot of the intensity of some ground 
Ap clutter at high wind over a period of 14% seconds as 
obtained from a pulse-to-pulse film. While the signal 
F(y) 0-8 changes quite rapidly, it is not nearly so fast as sea 

0.4 return, for example (see Figure 7). 
0.3 The frequency spectrum can be obtained from these 
0.2 data as in the previous’ case. Figure 7 shows the video 
ol frequency spectrum obtained under the same condi- 
oh tions as Figure 4 for high winds. The spectrum ex- 
PNIGICHESIPERISeCoND tends as high as 12 c. Figure 8 is a plot of the fre- 
Ficure 7. Video frequency spectrum for ground clutter, quency spectrum obtained from the same film as in 
Baker Hill, Maine. Film 103, wind speed 25 mph, prf Figure 5. Here at a wind speed of 10 mph the fre- 


333% per sec, wavelength S band. quency spectrum docs not extend beyond 2 ec. 


1,0 


ce Targets Viewed over Water 


0.8 In addition to the sources of fluctuation described 


0.7 above, echoes from targets viewed over water will 
change due to the varying reflection from the surface 
of the sea. Some English investigations have shown 
F(Y) 0.8 that at high angles of incidence the amount of reflec- 
tion can often change quite rapidly. However, there 


of is another effect due to reflection from the sea surface 
0.3 which is of a much longer period, namely, tidal varia- 
: ae tions. 
Some of our earliest work consisted of monitoring 
sO! the signal from a number of isolated targets viewed 


over water over a period of many tidal cycles. It was 
found that quite a large number of echoes showed a 

definite correlation with the tide. One very striking 
Ficure 8. Video frequency spectrum for ground clutter. 


Mt. Penobscot, Mt. Desert Island. Film 82, wind example is the case of two standpipes on Strawberry 
speed 10 mph, wavelength S band, prf 33314. Hill on Nantasket Peninsula, which when viewed 
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from Deer Island in Boston Harbor showed a 15-db 
variation with tide. Their range is 10,000 yd, and the 
targets are about 60 ft high. Under these conditions 
the targets subtend more than two lobes of the inter- 
ference pattern'at S band. Since the effect of the tidal 
change is to move this lobe structure up and down by 
10 ft, it is difficult to believe that a change as large as 
15 db could be thus produced. However, one can break 
up the returned signal into a number of separate sig- 
nals differing as to whether they suffer two reflections 
on the surface of the sea or one reflection or go directly 
to and from the target. While the amplitude of each 
of these signals does not vary much with tide, their 
relative phases do, and the total signal can still change 
considerably in amplitude because of the interference. 
A similar set of measurements was made on a corner 
reflector mounted on a small island in Boston Harbor. 
Here the corner reflector although only 6,000 yd away 
acts essentially as a point target. The agreement with 
the theory for a point target is quite good. 

Our results emphasize the extreme caution that must 
be employed in the use of standard targets to monitor 
radar performance. They are just the type of targets 
which are normally chosen in the field, and obviously 
their variations with the tide make them entirely un- 
suitable for the purpose. It may be possible to find tar- 
gets whose echoes are sufficiently steady so that they 
can be used for monitoring. However, they cannot be 
found without the use of such test equipment as would 
obviate the need for standard targets. 


THE FREQUENCY DEPENDENCE 
OF SEA ECHO? 


As the power and frequency of radar sets continue 
to increase, and the size of the target to be detected 
decreases, the presence of sea echo becomes of ever 
greater operational significance. It acts as a built-in 
jammer, blanketing and obscuring the desired signals. 
Despite this growing practical importance the basic 
phenomena of sea echo have not yet been established. 
Certainly, the fundamental mechanism responsible 
for the signal is not yet known. Various conflicting 
theories have been proposed. It has been suggested 
that scattering from drops of spray is the cause of 


the echo. Another hypothesis is that of reflection or. 


diffraction from the large surfaces of the waves them- 
selves. Still other theories have been advanced at one 
time or another. 

Whatever the size of the scatterers, the power re- 
ceived at the radar can be described by a common 
formula. Consider some particular scatterer, say the 
jth one. Then the returned signal from this particular 


target is 
eed G? 2 
" (4m)3 RA 
bBy H. Goldstein, Radiation Laboratory, MIT. 


oj, 


where a; is the radar cross section of the jth scatterer, 
P, the power transmitted, G the gain, X the wave- 
length, and & the range. o; differs from the customary 
cros$ section in that it incorporates the propagation 
factor and hence may depend on the height of target 
and the glancing angle of the incident ray. In consid- 
ering the time average of the total power received by 
the radar we can take the scattering to be incoherent. 
Hence the average radar signal is the sum of P,, over 
all the j scatterers lying within the area illuminated 
by: the beam width and pulse length: 


La S\ 03 
pie es Se 
(41)3 R44 
It is assumed that the illuminated area is sufficiently 
large that the sum contains many scatterers and is 
proportional to the size of the area. In that case this 
formula can be written 


— JCP | oe 
7 (4m)3 % 2 
where ¢ is the azimuthal beam width, 7 the pulse 
length in seconds, ¢ the speed of light, and o is defined 
as the radar cross section of sea echo per unit area of 
the sea surface and hence is dimensionless. This quan- 
tity o is a function of many parameters: the state 
of the sea, the glancing angle of the incident beam 
(and therefore the range), the polarization, and the 
wavelength. A comprehensive program is under way 
in the Radiation Laboratory to check the assumptions 
underlying this formula and to determine the cross 
section o as a function of these parameters. 
Uhlenbeck has pointed out that the dependence of 
« on wavelength should be an especially sensitive 
function of the scattering mechanism assumed. For 
drops whose circumference is small compared to the 
wavelength, the scattering should be of the Rayleigh 
type, ie., varying as 1/A*. If one takes into account 
the lobe pattern of the incident field due to reflection 
on the water surface, the dependence is even faster, 
possibly as 1/A8. On the other hand, if we are dealing 
with reflection or diffraction from large curved sur- 
faces, then o should be substantially independent of 
wavelength or even increase with A. By measuring o 
simultaneously on two or more frequencies, it should 
be possible to decide between these mechanisms. 
Accordingly, such measurements were made in the 
summer of 1944 at Bar Harbor, using the calibrated 
S- and X-band mobile radars belonging to the Wave 
Propagation Group of the Radiation Laboratory. The 
site elevation was 1,500 ft, and the ranges about 
10,000 yd, so that the incident angles were quite small. 
The constants in the formula for P, were determined 
as accurately as possible. In addition, the power, pulse 
length, and beam width were made comparable in 
both systems. For relatively stormy sea conditions the 
ratio of c on the two wavelengths was found to be: 


og; 
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oe 5 4 db 


os 
for both polarizations. If the Rayleigh 1/A* law holds, 
the ratio should be +-18.5 db, which would seem to 
exclude spray drops as the scatterers. 

One of the difficulties of this type of measurement 
is to determine the average level of a signal that 
fluctuates as rapidly as does sea echo. To remove this 
source of trouble, a device has been developed that 
reads the average power directly. It might be de- 
scribed as a gated noise meter. With the aid of this 
instrument we have again begun making measure- 
ments of c on 8 and X bands, this time from Deer 
Island in Boston Harbor. The elevation is only 120 
ft, and the ranges are correspondingly small. 

The results obtained so far do not agree in all re- 
spects with the previous data obtained at Bar Harbor. 
When the sea is fairly calm (Beaufort 3 or less), the 
ratio of ox to og is reproducibly given by: 


= +12+2db _ horizontal 

os 
on horizontal polarization. The scatter is much greater 
on vertical polarization, and the ratio is much smaller: 


2, +4db vertical. 


os 
One set of worth-while measurements has been made 
with a sea that was considerably rougher (Beaufort 
4-5). The ratio was significantly smaller for both 
polarizations: 


of = 45+42db horizontal 
os 

Ox . 

— =-+2db vertical. 

os 


At the time these data were obtained the first 
Measurements were made with a calibrated experi- 
mental K-band set recently constructed. Only hori- 
zontal polarization was available. It was found that 


= 3toddb. 


ox 
Hence under these sea conditions the increase in o 
on going from S to X is about the same as when going 
from X to K. 

An interesting by-product of these measurements 
was the comparison of polarizations, keeping the wave- 
length the same. This ratio was quite variable, ne 
ing from 


*¥ =—9db Xband 


oH 
on X band under stormy conditions, to 


“Y > 425db Sband 


OH 
on S$ band with a calm sea. In general the ratio de- 
ereases as sea becomes rougher and is almost always 


less on X than on § band. 

It is too early in the investigation to attempt a de- 
tailed interpretation of the results. It does seem that 
scattering from small spray drops is not the sole 
mechanism, despite the popular observation that sea 
echo seems to increase rapidly with the appearance 
of whitecaps. Other evidence also seems to confirm 
this. Under favorable conditions sea echo appears as 
discrete signals, moving with the wind, that can be 
tracked for 15 to 20 sec. This seems longer than one 
would expect from a breaking wave. On the other 
hand, reflection from large wave surfaces cannot be 
the whole story either. This is indicated by the fairly 
rapid increase of o with frequency and by the com- 
plicated changes with polarization. It is probable 
that we are dealing with a combination of mech- 
anisms, and it will be a difficult task to unscramble 
the contribution of each to the total signal. 

It should be emphasized that these measurements 
were taken near the coast, though outside the break- 
ers. Conditions on the high seas might conceivably be 
quite different. 


Discussion 

It was stated that individual sea echoes which 
persist for many seconds cannot be caused either by 
specular reflection from an inclined water-air inter- 
face or by random (Rayleigh) scattering from in- 
dividual drops of spray. Instead, an aerated surface 
layér created by a breaking whitecap may persist for 
many seconds and may be responsible for persistent 
echoes. Such a layer constitutes an irregular network 
of air-water interfaces and may give rise to consider- 
able scatter of microwaves. The actual mechanism by 
which such a layer gives rise to a sea echo is likely to 
be different at different sea states. If a large area is 
covered with foam, then in the presence of strong 
swell the chief return should be expected from a wave 
crest, and the radar signal would appear to travel 
slowly on the radar screen as the wave crest pro- 
gresses. 

The author stated that so far no consideration had 
been given to such involved mechanisms as the one 
suggested, but added that data already collected might 
well lead to such an investigation. 

It was suggested that several mechanisms, includ- 
ing scattering from droplets, were probably respon- 
sible for sea echo in rough weather. Experiments in 
Britain reported by the British Army Operational 
Research Group showed that echoes from shell splashes 
viewed on an S-band gunnery radar could be resolved 
into two parts. One was from the “boil,” a solid wall 
of water with enclosed air bubbles, which could be 
readily distinguished from the superimposed response 
from the larger portion of the splash called the 
“plume,” which is a region of isolated water drop- 
lets. Echoes from the droplets in the “plume” region 
were of many seconds duration, and it seemed likely 
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that an investigation of the frequency dependence of 
such scatterers would produce useful results. 


THE DEPENDENCE OF SIGNAL 
THRESHOLD POWER ON RECEIVER 
PARAMETERS* 


This paper deals with the effect on the signal thres- 
hold power of various parameters in the receiving 
systems of radar sets, i.e., with the minimum signal 
power necessary for visibility. Although this is a diffi- 
cult problem and all the important factors entering it 
are not known, it is felt that at least qualitatively, 
and sometimes quantitatively, a fairly good answer 
can be given at present. First of all it is necessary to 
define some of the parameters involved in ordinary 
radar reception. When a signal is reflected from a 
target the power entering the receiving system may 
be written in the following form: 

P,Gd?0 

(4)*R4 

where G, A, and o are the antenna gain, radar wave- 
length, and target echoing area or cross section, re- 
spectively. P; is the transmitted power and F the 
target range. This is, of course, the free space formula. 
The propagation conditions can be conveniently lump- 
ed into a multiplicative factor, which in the follow- 
ing arguments is of little concern. To determine the 
maximum range capability of the radar set, it is nec- 
essary to determine how large P, must be in order to 
be detectable. It is then possible to calculate the maxi- 
mum range capability of the radar set from the above 
formula, on writing it: 


( P,G@2a y 
Rmx=\7Zoap..)¢: 
(4m)8 P, min 


It has been common practice to assume that P, mm, 
or the signal threshold power, is of the order of magni- 
tude of the noise power in the radar receiver. This is 
certainly true; it is of the order of magnitude of that 
noise power but is not generally equal to it. This 
paper deals with the various factors in the receiving 
system and display system which affect P, mn. . 

A few of the things that affect P, min are 

1. The capabilities of the human observer. 

2. The properties of the display system on which 
the signal is presented to the observer. 

3. The type of interference which prevents the de- 
tection of an extremely small signal. 

This interference is not always receiver noise. There 
are storm cloud echoes and similar interferences, but 
this discussion will deal only with the case in which 
receiver noise is the limiting factor. 

It is useful to define the signal threshold power. 
A good deal of work has been done on this question, 


°By J. L. Lawson, Radiation Laboratory, M1 T. 
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both theoretical and experimental, and in the course 
of events a satisfactory criterion has been developed. 
There is not a defined minimum threshold power 
above which the signal is always seen and below which 
it is never seen. One finds experimentally that if the 
signal power S is plotted against the percentage of 
cases in which the signal is correctly identified, a 
“betting curve” is obtained. It takes several times as 
much signal power to obtain a correlation of 90 per 
cent as it does to obtain a correlation of 10 per cent. 
In this paper the signal power which permits a cor- 
relation of 90 per cent will be considered the thres- 
hold signal. 

Two main types of displays are used in radar 
sets, the A-scope display and the plan position 
indicator [PPI] or intensity-modulated display. 
In the A-scope display there is presented a trace 
in which the apparent range of the target appears 
as abscissa and the amplitude of the received echo 
as ordinate. Along the trace the ever present 
receiver noise appears; where the target is there 
will be a larger average deflection. In experiments 
on the A scope an artificial echo of controlled am- 
plitude and range was introduced into the receiving 
system. This artificial echo was so introduced ~ 
that it could fall into any one of several fixed 
range positions. Usually six fixed range positions were 
used. The observer then attempted to call the position 
occupied by the signal. “Betting” curves were then 
drawn and Sy, (90 per cent signal threshold power) - 
determined. This is the signal power, usually meas- 
ured in terms of noise power in the receiver. Between 
zero correlation and 90 per cent correlation a change 
in signal power of perhaps 5 db is usually required. 
This is quite a large spread, and it is very difficult 
to determine S,, accurately because of the statistical 
fluctuations. Ordinarily in running such a curve a 
single threshold power measurement requires 50 to 
100 observations. This laborious and lengthy process 
of obtaining signal threshold is necessary to remove 
the subjective element. The results obtained in this 
way are remarkably constant and consistent among 
different observers. They do depend on other factors, 
however. They depend both experimentally and theo- 
retically on the number of range positions, and it 
becomes necessary to indicate the type of variations 
which cbtain. A “6 position, 90 per cent point” has 
already been defined for this experiment. This is taken 
as the standard of reference denoted by 0 db. Sp, 
for a “1 position” experiment is --0.8 db experi- 
mentally and +1.5 db theoretically. Sj, for an “N 
position” experiment is +-1.0 db both experimentally 
and theoretically. S,, for the “2 position” experiment 
is —2-db experimentally and —'% db theoretically. 
In this last case the experimental improvement is due 
in, part to the statistical difference and in part to 
yhe greater ease with which the observer can con- 
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centrate on the range positions. 

In spite of these variations it is felt that any one 
of these definitions is representatively good. For con- 
venience the S,, for the “6 position” experiment has 
been chosen, since it gives a sufficient number of posi- 
tions so that statistical determination of S,, can be 
obtained with reasonable ease. It is possible to make 
the same correlation trials for the intensity-modulated 
PPI as for the A scope. The signal is put at any of 
a number of range positions which are fixed in azi- 
muth. Scanning conditions may be included if de- 
sired. Some factors which affect the signal threshold 
power will now be enumerated, and the magnitude of 
their effects described. 

The first such factor is the noise figure of the re- 
ceiver. In brief, this is simply a multiplicative factor 
which would go with any of the other determinations 
made. The noise figure of the receiver specifically 
measures the amount by which that receiver is noisier 
than the best theoretical receiver. Ordinarily this noise 
figure runs to the order of 10 db, which means that 
the receiver is something like 10 times as noisy as 
the theoretically perfect receiver. As we are dealing 
with signal threshold power in terms of the receiver 
noise power (the latter being a universal parameter) 
it is only necessary to determine the noise figure of a 
given receiver in the field to determine what sort of 
input signal power is necessary. 

The second factor affecting the signal threshold is 
the intermediate frequency or the radio frequency 
bandwidth B of the receiving system. B represents 
specifically the narrower of the two. This bandwidth 
will affect the signal visibility in a way which will be 
discussed presently. The third quantity is the video 
bandwidth 6 of the receiver. At one time it was thought 
that the video bandwidth and the i-f bandwidth were 
equivalent, but this is not at all true. Between the 
i-f and the video systems there is a second detector 
which is a nonlinear element, which causes frequency 
conversion to take place. This causes the video band- 
width to have an entirely different action from that of 
the i-f bandwidth. A third factor is the sweep speed 
of the scope, denoted by small s. The sweep speed has 
an important effect which is nearly equivalent to that 
of video bandwidth. Another parameter is the time 
interval during which the signal is actually presented 
to the observer. This quantity will be represented by 
the letter T and called the signal presentation time. 
In addition to these there are several other factors 
connected with contrast effects in the presentation 
and the scanning variables. 

The first four variables mentioned apply to the 
geometry of the system, and geometrical scaling argu- 
ments can be applied to these quantities. One of these 
variables can thus be eliminated at the start by using 
not the pulse length +, but the product s X + as a 
variable. Similarly, the other variables are B X +, 


b X +r, and N X +. These quantities have a definite 
physica] significance. The sweep speed multiplied by 
the pulse length is simply the length of the signal on 
the scope and can be expressed in millimeters if de- 
sired. B X 7 is the i-f bandwidth times the pulse 
length and turns out to be a simple number. This is 
a number which will affect the signal visibility curves. 
Similarly the video bandwidth b X r is another num- 
ber. The signal power multiplied by the pulse length 
is simply the energy of the signal per pulse, and so 
on. These variables are essentially geometrical para- 
meters. The pulse repetition frequency and the signal 
presentation time are statistical parameters and must 
be treated in a statistical way as will be shown. 

The first geometrical factor to be considered is the 
i-f bandwidth. The interesting factor is the behavior 
of signal and noise. Independently, these are known 
quite well. With respect to noise the power response 
is proportional to the bandwidth. However, the re- 
sponse to a signal of a particular length, once there 
has been obtained a bandwidth which is adequate for 
the transmission of the pulse, will be essentially in- 
dependent of the bandwidth. When the bandwidth is 
very narrow the voltage of the output pulse is propor- 
tional to the bandwidth of the receiver. A curve can 
be drawn which is essentially the signal-to-noise power 
response curve, which for wide bandwidth will be 
proportional to the signal threshold power, while for 
narrow bandwidth it will be inversely proportional to 
the bandwidth. This is exactly the form of curve ob- 
tained experimentally. The optimum bandwidth is 
found to be approximately 1.2 times the reciprocal of 
the pulse length. The noise power in the receiver is a 
very poor single criterion as to how small a signal can 
be seen. For example, with a bandwidth of 1 me for 
1-ysec pulse a signal about 2 db below the noise 
can be seen. But if the i-f bandwidth is 10 me for a 
1-ysec pulse, a signal is visible 7 db below noise. If 
the i-f bandwidth is too small, even a signal equal to 
noise power is invisible. In general, therefore, signal 
threshold power is rated in decibels above the receiver 
noise power for a particular value of B (usually B 
= 1/r), since this provides a universal scale. 

For the video bandwidth the situation is more com- 
plicated. A good deal of theoretical work can be done 
on this problem, but the experimental data do not 
confirm the theory. The reason is that the video band- 
width is already effectively narrowed by the effect of 
sweep speed. Video bandwidth effects can be observed 
when the sweep speed is very fast, where s X + (the 
pulse length on the scope) is of the order of a milli- 
meter or so. Under these conditions video bandwidth 
narrowing always reduces the signal visibility and in- 
creases the signal threshold power. There is a real 
difference between the video bandwidth and the i-f 
bandwidth in the following respect. Decreasing or 
increasing the i-f bandwidth causes the components of 
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low-frequency noise in the video to change proportion- 
ally. Video narrowing, however, does not change the 
low-frequency video noise components. Therefore, the 
reduction in signal visibility with video narrowing is 
less pronounced than with i-f narrowing. 

The human eye cannot distinguish between two ob- 
jects which are closer together than about 1 minute of 
are. If the light intensity contrast is limited, two ob- 
jects cannot be resolved even at a much greater angular 
separation. When the separation approaches approxi- 
mately 14 of a degree, the best visibility will be ob- 
tained for the smallest contrast. Thus, the action of 
the human eye can be regarded as that of a filter which 
preferentially selects those frequencies having a period 
of the order of 44 of a degree on the scope. At normal 
viewing distances this value of angular separation is 
of the order of 1 mm linear separation. Since the 
screen behaves like a linear transformation between 
the video signal and the light transmitted to the eye, 
this filter action of the eye is exactly equivalent to a 
video. filter whose maximum pass frequency corre- 
sponds to 1 mm divided by the sweep speed s. For most 
presentations, where the pulse length is considerably 
shorter than 1 mm on the scope, this effective video 
narrowing action of the eye is usually much more im- 
portant than the effect of video bandwidth in the re- 
ceiver. It is to be noted, however, that video bandwidth 
effects in the receiver can be observed when the sweep 
speed is sufficiently fast for proper delineation of the 
pulse. There is now a considerable amount of experi- 
mental evidence to support this rather simple picture 
of the combined effect of video bandwidth and the 
resolution properties of the eye. 

Because of this property of the eye, if the viewing 
distance is maintained constant, a large diameter PPI 
will be more sensitive in the detection of signals than 
a small one. A magnifying glass will produce an effec- 
tive increase in sensitivity on the small scope at the 
expense, however, of a restricted searching area. 

The focus on the PPI or A scope also acts like a 
video narrowing device. If the tube is defocused along 
the range scale, equivalent video narrowing will take 
place by an amount which is dependent upon the spot 
size. However, because of the effect on the human eye 
a loss in signal visibility will not occur until the de- 
focused spot is larger than approximately 1 mm. 
Defocusing to this extent is certainly disadvantageous 
in the ultimate discrimination. of two close radar tar- 
gets, and for this reason good spot focus must be 
maintained. 

Tn signal detection it is clearly necessary that the 
average signal deflection voltage be as large as the 
average noise fluctuation in the absence of signal. This 
is a purely statistical problem susceptible to theoretical 
analysis. Calculations show that the quantities which 
determine signal visibility, apart from the geometrical 
factors just described, are the total number of sweeps 


on which the signal is visible and the total number of 
sweeps on which only noise is visible. It is assumed 
that for these sweeps integration or averaging takes 
place. This result is confirmed experimentally with 
two restrictions. The total number of signal pulses is 
given by T X PRF (pulse repetition frequency), and 
the signal threshold power.is found to vary inversely 
with both PRF and T. While this holds for all values 
of PRF under investigation (12.5 to 3,200 c) it holds 
only for a limited region in T (approximately 0.05 to 
3 sec). The reason why the integration is not satis- 
factory outside these limits of T are related to the 
maximum flicker frequency detectable by the eye. For 
times shorter than perhaps 0.05 sec additional sweeps 
containing only noise will be integrated. Likewise, for 
T greater than 3 sec the eye and brain do not appear 
to integrate properly all the individual voltages. In 
other words, the system has incomplete memory. It 
has been found that the maximum system integration 
time (usually of the order of 6 sec) can be increased 
appreciably by operator practice. With a considerable 
amount of experience a good radar operator can eftfec- 
tively integrate for times as long as 4% min. It is to 
be noticed that because of this integration in the eye 
and brain of a radar operator other methods for pro- 
viding integration, such as P-7 screens or photographic 
integration, will fail to provide substantial benefit 
unless their effective integration time exceeds several 
seconds. This conclusion is borne out experimentally. 

In the radar scanning problem the same factors 
must be considered as have already been discussed, 
but, in addition, one must investigate factors peculiar 
to scanning. Among these are the rotation speed of the 
antenna, the beam width of the set, etc. It has been 
found, however, that the statisical problem met with 
in scanning is quite similar to that encountered in the 
absence of scanning. The complete system integration 
depends on two factors: the number of pulses inter- 
cepted by the radar beam during one traversal of the 
target, and scan-to-scan integration. If the scanning 
tate is sufficiently rapid (faster than 10 rpm) the 
signal visibility will be independent of the antenna 
rotation rate. Faster rotation rates intercept a smaller 
number of pulses for each revolution,’but there are a 
greater number of scan-to-scan integrations which just 
make up for the deficit. However, below the critical 
speed of about 10 rpm, scan-to-scan integration will 
not take place, and the signal threshold power will be 
proportional to the square root of the antenna rotation 
tate. This improvement in signal visibility at slower 
scan rates will continue until the antenna is on the 
target, during each revolution for approximately 6 
sec, whereupon the visibility is essentially that of a 
“searchlighting” set. Thus the total scanning loss is 
given by the rather simple formula 


1 
LOS = ) 
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where /’; is the fraction of time that the system is on 
target during the scanning procedure. Ordinarily this 
scanning loss amounts to approximately 10 db in an 
average radar system, requiring a signal perhaps 10 
times as large as the necessary amount for detection 
while searchlighting. It is important that this formula 
be used only. where scan-to-scan integration takes 
place. 


Discussion 


While this paper has specifically been limited to 
noise considerations, it seemed reasonable to hope that 
the same general considerations could be applied in 
determining the visibility of signals in various types 
of clutter, in particular the simpler types which are 
echoes from rain and snow. If the mechanisms involved 
were more thoroughly understood, the fundamentals 
of the problem would be understood too and could be 
put together in a coherent form. 

The shape of the response curve has been considered 
by the author and is known to have some effect, but 
the experimental approach to various shape factors 
has been rather limited. In the work presented here 
the response curve of the receivers involved has been 
that of a so-called double-tuned circuit, whose ampli- 
tude response is proportional to 


[eae 


where w is the frequency difference between the fre- 
quency under measurement and the center of the band. 
@ is the % bandwidth. The difference between this 
response curve’s performance and that of a multiply 
narrowed, synchronously tuned, intermediate ampli- 
fier, which has Gaussian response, was not observable 
experimentally. Theoretically also, there is little dif- 
ference. It is felt that the considerations may not apply 
in extreme cases of sharp-edged amplifiers or in single 
single-tuned circuits but that in other cases the same 
answers do apply. 

The question was raised as to the dependence of 
signal threshold on pulse recurrence rate. In all the 
other parameters the visibility of the signal is pro- 
portional to the signal energy. The author found that 
for a given average power the visibility is distinctly 
better if you concentrate more energy into each pulse 
and separate the pulses by longer intervals. In other 
words, the threshold is proportional to the energy per 
pulse but inversely proportional to the square root 
of the repetition frequency. This settles a disagree- 
ment between two groups, one of which believes visi- 
bility would be found independent of pulse repetition 
rate and the other that it depends on average energy. 
The answer lies between the two views. In this matter 
of visibility it is interesting to recall that the first suc- 
cessful radar, which was giving ranges up to 25 miles 
in 1936, had a receiver bandwidth of about 200 ke and 
a pulse length of 5 psec, a combination which lies on 


the peak of the maximum visibility curve. The pulse 
length on the radar screen Was about 3 mm. The curve 
for optimum visibility peaks at 1 mm and does not 
decline very rapidly for longer pulses, so that, too, was 
near the optimum value. The first production radar for 
use in the fleet had a pulse length of about 3 psec and 
a bandwidth of about 300 ke, which is again_on the 
peak of the visibility curve, and its visible pulse was 
about 2 mm long on the screen. This was of course not 
entirely accidental but was fortunate, nevertheless. 
The preproduction model of this radar was built in 
1938. 

The author discussed the effect of fluctuating sig- 
nals in scanning as distinct from the steady signals 
which had been employed in the experiments described. 
In the case of signal fluctuation, it is necessary first to 
define the signal amplitude in such a way that analy- 
sis is applicable. Employing the average value as a 
criterion, the visibility of fluctuating signals may ac- 
tually prove greater than for steady signals. If the 
peak value of a fluctuating signal is taken as the signal 
threshold power, the visibility is probably poorer than 
for a steady echo, but it is felt that the result would 
be again essentially independent of the scanning speed, 
as long as it is high enough to cause pulse-to-pulse and 
scan-to-scan integration. The limit, however, may 
occur at 20 rpm instead of 10 rpm. 

One variable has been omitted which has proven 
puzzling. This is the target speed. What really con- 
stitutes a scan-to-scan integration ? If the target moves 
the distance of one spot diameter in a scanning period, 
is it still integrated ? It would seem to be so integrated 
provided the observer is able to perform as an aided 
tracker, i-e., can appreciate a change in linear motion. 
If it is not integrated, one would expect to find a 
difference in signal threshold depending on the target 
speed, probably in direct proportion to the square root 
of target speed. Some experiments have been made on 
simulated echoes of this variety, and there was some 
indication that targets of higher velocity are definitely 
harder to see, but this cannot be considered quantita- 
tively established. Signal fluctuation, however, is im- 
portant, and it is felt that, in general fluctuating tar- 
gets with cross sections defined on the basis given in 
the following paper are harder to see by perhaps 2 db 
but that this estimate is not affected by any arguments 
about scanning. 

There was another inquiry concerning the explana- 
tion of the Watson effect observed occasionally at very 
close ranges when the background noise was so large 
the normal signal could not be detected. This con- 
sisted of an inverted signal smaller in amplitude than 
the background noise which could be observed to a 
range of almost 100 yd in sets which had a direct wave 
extending to 3,000 to 4,000 yd. In these cases the signal, 
instead of appearing as a small inverted V, showed up 
as a small upright V, approximately 1% the amplitude 
of the initial noise. This effect had been often reported 
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on short-range targets. The author considered this to 
be a form of receiver saturation. Another group had 
been troubled by the same phenomenon and had at- 
tributed it to receiver saturation in which there was 
blocking of the i-f amplifier during a portion of the 
time. 


RADAR SCATTERING OVER 
CROSS-SECTION AREA? 


It is of great interest to determine the cross-section 
values of aircraft, not only in order to attempt predic- 
tion of ranges on these aircraft, but also to make pos- 
sible the design of radar equipment which will utilize 
these factors a little better. The instantaneous pattern 
of reflection properties of an airplane is very complex. 
It depends upon the frequency, type of aircraft, and 
certain other factors, such as propeller rotation. The 
pattern has an extremely complex lobe structure which 
depends essentially upon the lengths of the plane’s 
structure in terms of wavelength and upon the areas 
of specular reflection, that is, reflection from fairly 
large, flat, mirror-like surfaces found in most aircraft, 
such as the sides, bottoms, or wing surfaces. 

It would be possible to define the instantaneous 
cross-section area as a function of the angle from the 
airplane, but this kind of thing would be purely aca- 
demic, since actually the airplane is moving. In the 
early part of this work an attempt was made to derive 
a cross-section number which would apply to the actual 
radar performance on an airplane in flight. The scat- 
tering cross section may be calculated from the re- 
lation 
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7 P:G72) 
where the quantities are measured in free space. The 
symbols are defined on pp.312-316 . They are all easily 
measurable except P,, the received power. This was 
measured by injecting into the system, with a signal 
generator, an artificial echo which was matched to the 
size of the airplane echo. 

In pratice, o is necessarily a function of time, and 
for lack of a better criterion the following procedure 
was adopted. The signal generator reading was con- 
tinuously matched to the size of the aircraft echo and 
recorded for successive 3-see intervals. The signal 


measured in decibels above receiver noise power was - 


plotted against range. On a logarithmic scale such a 
plot should be a straight line whose variation is 40 db 
for a factor 10 in range. This is actually found, pro- 
vided one draws a line through the average of the 3-sec 
interval points. From moment to moment the fluctua- 
tion is rather high, but nevertheless a good average 
line can be drawn. 

It is now possible to define a cross section by the 
condition that its value is exceeded in one-half of 
these 3-sec intervals, and this appears to be an easy 
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operational way of obtaining cross sections. However, 
this still does not represent what could be called the 
average value for each 3-sec interval. It was found very 
early that it was very difficult to adjust a signal gen- 
erator to the average value of the signal. It is much 
easier to adjust to the top value that has occurred dur- 
ing an initerval. The reason for this is that the signal 
is quite often fuzzy and filled in by propeller modula- 
tion. Therefore, the figures represented here are in 
general the highest values that occur during the 3-sec 
interval. For this reason we have attempted to see how 
the value of o depends upon the interval timing and 
whether or not it is permissible to put this value into 
range formulas in the usual way. A rough working 
model is the following: If these cross-section values 
are reduced to 60 per cent, they may be used in the 
range formula presented in the previous paper to ob- 
tain the correct operational radar range, The cross 
section averaged over the lobe structure in the front 
aspect or tail aspect of a plane would be lower than 
these values by probably 50 per cent. 

Some representative figures are as follows: Fighter 
aircraft usually vary from 1 to 200 sq ft; medium 
bombers, B-18, Beaufighter and similar aircraft range 
from 4 to 600 sq ft; and heavy bombers, B-17, 800 
sq ft. The larger bombers such as the B-29 have not 
been measured but are estimated to be of the order 
of 1,200 sq ft. 


Discussion 


To a question regarding the wavelength dependence 
of aircraft cross sections, the reply was that such a 
dependence was a function of the structure of the air- 
craft. Outside surfaces having rounded structures such 
as wings, wires, and similar members have a cross 
section which is essentially independent of wavelength 
and produce random scattering, provided the frequen- 
cy is high enough. As the frequency is lowered, reso- 
mances in the structure of the airplane and differences 
in the wings may appear. This might possibly cause 
differences with regard to polarization. At S-band and 
higher frequencies there seems to be little dependence 
upon frequency. These figures have been checked at 
S and X bands with essentially the same results. No 
sensible dependence on polarization was observed, in- 
dicating that at S-band or higher frequencies, this sort 
of cross-section value will apply. 

Ohio State University is conducting an extensive 
program of cross-section measurements on various 
types of aircraft for a variety of frequencies up to 500 
me. Measurements are made for all aspects of the air- 
eraft and for both vertical and horizontal polarization. 
The procedure used is to scale the aircraft down to a 
convenient model size and to use a correspondingly 
higher frequency. 

The results of these measurements exhibit a confus- 
ing lobe structure. In order to give an overall descrip- 
tion of the behavior of the cross section, a reasonable 


ECHOES AND TARGETS 317 


procedure must be found for averaging the data. This 
has been attempted. At 100 me, the specular reflections 
are not particularly marked, though the cross section 
does increase in directions perpendicular to the axis 
of the aircraft. There is still fairly strong scattering 
in all directions. At 500 mc the echoes are almost en- 
tirely due to specular reflection. The dependence on 
polarization is stronger at the lower frequencies. 

The author commented that simultaneous measure- 
ments of average values for different polarizations 
showed them to be about the same but that instan- 
taneous pulse-to-pulse photographs of a single target 
with two different polarizations showed them to be 
quite different at a given instant. 

An inquiry was made as to whether any correlation 
had been made between radar cross section and type 
and dimensions of aircraft. A report was mentioned 
which attempted to show that scattering cross section 
was proportional to wingspread. The results of the 
author’s group did not appear to correlate with wing- 
spread, but the fuselage is important, and both factors 
must be significant. Experiments had been made with 
controlled flights in which the aircraft was flown 
straight toward or away from the radar site. It was 
believed that, because of normal wind conditions and 
such factors as yawing in flight, the results obtained 
‘Tepresented an average over an angle of about 10° for 
both front and rear aspects. Some measurements at 
45° aspects were made which showed a drop of about 
1 or 2 db for most aircraft. Some aircraft showed a dif- 
ference between average head and average tail aspect 
of about 1.5 to 1. and the figures previously quoted 


represented an average between the two aspects. When 
the aircraft in turning presents a broadside, specular 
reflection occurs, and this side flash often exceeds the 
ordinary signal by 100 times or more. 

The comment was made that the measurements de- 
scribed seemed to have been made entirely with track- 
ing radars using A-scope presentation. What would be 
the probable effects of such fluctuations on radars with 
search type presentation? The author believed that 
such fluctuations would affect search-type radars 
when scanning slowly but that no serious effect had 
been observed at scanning speeds as low as 2 rpm. 
When the cross-section figures given were used with 
a 2-db reduction for average values, the predicted 
Tanges were in agreement with the observed ranges 
even on scanning or search type radars. This is prob- 
ably not true at certain longer wavelengths for which 
the lobe. structure is such that an aircraft can “ride” 
a null for an appreciable time interval. At micro wave- 
lengths, the lobes are so close together that it becomes 
practically impossible for an aircraft to remain in a 
null for an appreciable time. 

It was inquired whether drops of more than 2 db 
were to be expected for other aspects, such as 45 
degrees. While a complete. series of measurements had 
not yet been made by the author’s group, measure- 
ments on three or four aircraft in various aspects had 
revealed no drops below 2 db. Although the calibration 
had been carried out entirely with signal generators, 
standard targets consisting of corner reflectors and 
spheres later produced results in substantial agree 
ment with the theoretically predicted values. 


Chapter 8 
ANGLE-OF-ARRIVAL MEASUREMENTS 


ANGLE-OF-ARRIVAL MEASUREMENTS 
IN THE X BAND? 


HE purrosn of this work was to observe the varia- 

tion in angle of arrival of waves in the X band. No 
simultaneous air sounding data were taken although 
general weather observations were made. 

‘The method of measuring the angle of arrival makes 
use of a very sharp-beamed antenna (Figure 1) 
mounted so that it may be mechanically tilted back 


6 INCHES WIDE (I5° HORIZONTAL BEAM) 


20 FEET 


ANTENNA SWINGS 
+.75° 


Ficure 1. Sharp-beamed antenna used for measuring 
the angle of arrival. 


and forth about its center thus sweeping the beam of 
the antenna through an arc which may be set to include 
the expected angle of arrival of the incoming signal. 

The sharp-beamed antenna has been used to measure 
the angle of arrival of waves from a distant trans- 
mitter over an optical path where both a direct wave 
and a water-reflected wave are present. If the output 


A_ONLY (REGORD 1) 


SIGNAL AMPLITUDE 


A+B (RECORD 2) 
Ficure 2. Variation in signal intensity during scan. 
A, direct ray only. B, direct and reflected rays super- 
posed, 
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of the receiving antenna is fed to a receiver and this 
receiver is fitted with a recording type output meter, 
records of the type shown in Figure 2 will be obtained 
as the antenna scans. Record 1 will be obtained if only 
a single, direct wave is arriving at an angle correspond- 
ing to the mid-point of the antenna swing. The dis- 
tances between peaks of maximum amplitude along 
the record will then be equal. A shift in the angle of 
arrival of the wave would appear on the record as a 
change in the spacing between the peaks. If two 
separate waves, direct and reflected, are arriving 
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simultaneously, the record will appear something 
like record 2. 

The actual antenna used for the measurement is a 
section of a parabolic cylinder arranged so that its 
beam at the center of swing is pointed directly at the 
transmitter. This is also the angle at which waves 
arrive on a normal day. A normal day has been taken 
as one when the angle of arrival is the same (within 
the accuracy of the measurements) as that calculated 
from actual earth geometry and when free space field 
is received from the direct wave. 

The physical position of the antenna may be held to 
approximately 1/100 degree by the use of a plum-bob 
line dropped from the top of the 20-ft antenna to the 
base. Possible errors in reading the records, however, 
limit the expected relative accuracy to about 1/60 
degree. Slight errors in the actual building of the 
antennas and in the locating of the feed limit the 
final accuracy to what is believed to be 1/25 degree. 

The horizontal angle of arrival is measured with a 
duplicate antenna turned 90 degrees from the vertical 
with its flat side toward the ground. The accuracy of 
measurement is the same as in the vertical plane case. 

The entire equipment, including the two scanning 
antennas, other reference antennas, the receiving 
equipment, and the receiver building are located on 
a rotatable platform which is 25 ft in diameter. This 
equipment, located on top of Beer’s Hill, New Jersey, 
may thus be pointed toward any of several transmitters 
and comparisons made of the angle of arrival from 
each transmitter. 

Observations during the summer of 1944 have been 
made on two optical paths shown in Figure 3: (a) A 
24.1-mile path partly over land and partly over water 
between New York City and Beer’s Hill, New Jersey. 
The normal reflecting point for the reflected ray on 
this path is in the salt water of Raritan Bay; (b) a 
12.6-mile path between Beer’s Hill and Deal, New 
Jersey. This path is all over gently rolling land. The 
transmitters at both Deal and New York radiate waves 
polarized at 45 degrees so that either vertical or hori- 
zontal polarization may be used at the receivers. 

Results of angle-of-arrival measurements made dur- 
ing the summer of 1944 indicate that on both the Deal 
and New York circuits the greatest variation of angle 
of arrival in the horizontal plane was +1/10 degree. 
Times were found when the angle of arrival remained 
«s much as 1/10 degree east for short periods on the 
New York circuit, but for the most part the horizontal 
angle of arrival normally fluctuated +1/10 degree 
from the normal day direction on both the Deal and 
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Ficure 3. Propagation paths, (top) Beer’s Hill to New York and (bottom) Beer’s Hill to Deal. 


New York circuits. The maximum variation in the. 
vertical angle of arrival on the direct wave on the 
New York path has been 0.46 degree above that ob- 
served on a normal day, while the reflected wave has 
come in as low as 0.17 degree below the normal re- 
flected wave. (On a normal day the reflected wave on 
the New York path should be, by calculations, 0.33 
degree lower than the direct wave.) 

There does not seem to be any correlation between 
the variation in angle of arrival on the direct wave 
and the reflected wave. These variations do not as a 
tule occur together. At the time when the greatest 
deviation in the reflected wave was present the direct 
wave was coming in normally. Also, when the direct 
wave was up 0.46 degree, it was apparently being 
trapped, and at that time no reflected wave was re- 
ceived. The greatest spread observed between the 
direct and reflected wave was 0.75 degree (normal 
0.33 degree). At this time the direct wave was 0.35 
degree above normal while the reflected wave was 0.07 
degree below normal. The near proximity of Staten 
Island to the path normally taken by the reflected 
wave on the New York path has probably contributed 
to complexities of the results obtained on this circuit. 

The vertical angle of arrival on the Deal circuit has 
not varied as greatly as on the New York circuit. The 
degree in the direct wave angle of arrival. The reflected 
wave is not of sufficient magnitude to be observed on 
the Deal cireuit. 

Height run experiments were conducted to obtain a 
value for the effective coefficient of reflection for the 
Deal path. An oscillator was hoisted up and down the 
175-ft tower at Deal and the resulting received field 
recorded at Beer’s Hill. The field was found to vary 
3.6 db from maximum to minimum (3 maximum vyal- 
ues and 2 minimum values) as the oscillator changed 
height, which indicates an effective coefficient of reflec- 
tion of 0.2. This means that the received reflected wave 
is 5 times weaker than the direct or 14 db down. The 
distance above ground at which the maximum and 
minimum were obtained were noted on the receiver 
record, and from these the height of the effective reflec- 
tion layer was obtained. This height was found to be 


approximately 100 ft above average ground level. 

This experiment is to be repeated when leaves have 
fallen from the trees to determine if the effective re- 
flection coefficient or the height of the reflecting layer 
has changed. 

Rain has been found to influence the X-band cir- 
cuits in a manner such as to cause a lowering of the 
received fields. During very heavy downpours, we have 
experienced as much as 0.8-db attenuation per mile 
of path length on both the paths. We have no way of 
knowing how much rain was falling over an entire 
path, but the figure of 0.8 db per mile represents the 
maximum value of rain attenuation so far recorded on 
our circuits. 

Only part-time observations have been made on this 
project, and the results reported are based on such 
observations. It is not known, therefore, if more ex- 
treme conditions than those reported have existed at 
times when no observations were being made. 


METEOROLOGICAL ANALYSIS OF 
ANGLE-OF-ARRIVAL MEASUREMENTS» 


Purpose 


Recent experiments on propagation in the X band 
conducted by Bell Telephone Laboratories [BTL] 
have indicated that the angle of arrival of microwaves 
may be considerably at variance with that computed 
on the basis of rectilinear propagation. Deviations as 
large as 0.46 degree from true bearing® were measured 
during the summer season over a 24-mile path, partly 
over land and partly over water. The deviations found 
experimentally exceed considerably the tolerances spec- 
ified on angle of elevation, azimuth, and height deter- 
mination in present military characteristics on fire- 
control radar equipment. 

An analysis of propagation from the meteorological 
point of view has been undertaken to determine 
whether deviations from rectilinear propagation can 
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°The term ‘‘true bearing” as used in this paper refers to the 
vertical angle between the horizontal and a line perpendicular 
to the wave front at the receiving point. 
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be explained by, and predicted from, meteorological 
data and whether observed extreme deviations can be 
realized from plausible meteorological stratification. 
The Bell Laboratories’ experimental angle-of-arrival 
measurements made during the summer of 1944 have 
been compared with deviations evaluated from mete- 
orological data obtained concurrently by the Signal 
Corps though not coordinated at the time with these 
experiments. The current paper is intended to report 
the results of this study and the procedure utilized in 
the analysis and, in turn, to establish a framework 
for interpreting further propagation experiments of 
this type. 


Theory 


The equations of propagation can be written in a 
form such that the angle of departure of the radiation 
at the transmitter (the direction of the normal to the 
wave front) and the angle of arrival at the receiver 
can be written as functions of the meteorological 
stratification and the constants of the installation (dis- 
tance between and heights of transmitter and re- 
ceiver). The solution of the equations of motion is 
given below by the use of an electromagnetic wave 
velocity profile obeying a radial power law. The re- 
lation of the exponent m in this power law to the 
excess modified refractive index M is then deduced. 
The power m in the velocity profile equation is as- 
signed the definition of “meteorological stratification 
parameter,” since it determines the change of modi- 
fied index of refraction with height. 

From Figure 4, 

dr ds 
rtanB Tb 


() 
Introduce the electromagnetic wave velocity profile 
(2) 


Hence, 
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Fiaure 4. Geometry of a ray in the atmosphere. 


where 
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Snell’s law states that 
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The excess modified refractive index M is given by 
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If now the relation for the distance s is solved simul- 
taneously with the equation stating Snell’s law of 
refraction, we have the angle of arrival « as a function 
of the excess modified refractive index M, uniquely 
relating the angular deviation from true bearing to 
the distribution of modified refractive index required 
to produce that deviation. 


Analysis of the BTL New York- 
to-Beer’s Hill Circuit 

The results obtained by Bell Telephone Laboratories, 
Ine., on measurements of the angle of arrival of micro- 
waves in the X band are contained in two BTL -re- 
ports." The New York-to-Beer’s Hill propagation 
circuit proved to be the more suitable for the meteor- 
ological analysis of angle of arrival. On this path the 
transmitter was located on the New York Telephone 
building at an elevation of 492 ft above mean sea level ; 
the receiver was erected on top of Beer’s Hill at an 
elevation of 353 ft. The propagation path had a length 
of 24.08 miles and ran several degrees east of north 
from Beer’s Hill to New York. The bearing from re- 
ceiver to transmitter on this circuit on the basis of 
true earth geometry is 0.11 degree below zero eleva- 
tion angle of Beer’s Hill. 

During the summer of 1944 a limited number of 
vertical temperature and humidity soundings were 
secured by personnel of Wave Propagation Studies, 
Evans Signal Laboratory, at a 400-ft radar tower in 
Oakhurst, New Jersey. The location of the tower is 
shown on the map in Figure 5. The tower stands on a 
hill 128 ft above mean sea level. The limit of observa- 
tion is 875 ft above the base of the tower; hence the 
absolute elevation was 503 ft. It follows that soundings 
over the height of the tower sample the atmosphere 
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Fictre 5. Plan view of propagation paths. 


FREEHOLD 


between approximately 11 ft above the transmitter and 
225 ft below the receiver. 


The Angle of Arrival Deduced from 
Type Cases of Atmospheric Stratification 


When the path is confined to a layer between receiver 
and transmitter, there are two limiting paths, as illus- 
trated in Figure 6A: Path A leaving the transmitter 
at some angle 8 < 0 and arriving at the receiver with 
% = 0; Path B leaving the transmitter at an angie 
8 = 0 and arriving at the receiver with « > 0. By 
applying the equations deduced from theory and ex- 
pressed by data in Table 1, the necessary and sufficient 


Tass 1 

Deviation 

a at B at of a and B 

receiver transmitter from true 

Path (degrees) (degrees) bearing m 

A 0 — 0.125 + 0.111 0.64 
Intervening path + 0.0625 — 0.0625 + 0.17385 1.00 
B + 0.125 0 + 0.236 1.36 


modified refractive index distributions with height in 
the layer can be evaluated for the limiting paths A 
and B and for all intervening paths. Table 2 shows the 
value of the stratification parameter m required. We 
therefore conclude that, for a path confined to the 
layer between transmitter and receiver, the deviation 


from true bearing must be confined to the interval 
-|-0.111 to -++-0.236°, and the change in the modified 
refractive index between receiver and transmitter 
must be in range —2.4 to +2.4 M units. These 
limits hold for an approximately linear variation of 
index between receiver and transmitter. 

Radiation along paths of type C, which penetrates 
the layer below the receiver height (see Figure 6B), 
arrives at the receiver at an angle ~ < 0; therefore, M 
will of necessity increase by more than 2.4 units from 
receiver to transmitter. We consider three stratifica- 
tions producing paths of this category. 

1. The so-called “standard” atmosphere utilized 
for the purposes of representing “normal” propagation 
by rectilinear rays on an earth distorted to a radius 
4/3 that of the true earth. The increase of M is at a 
rate of 3.6 units per 100 ft. 

2. Adiabatic equilibrium for an unsaturated at- 
mospheric layer, representing the condition of a com- 
pletely stirred or mixed stratum of air. The increase 
of M is 4.0 units per 100 ft. 

3. Rectilinear propagation on a true earth. For this 
condition there is no variation of electromagnetic 
velocity with height, and M increases by 4.76 units 
per 100 ft, equal to the rate of curvature of the earth. 

The computed deviations of the angles % and B at 
the receiver and transmitter, respectively, are given in 
Table 2. It will be noted that the condition of recti- 
linear propagation on a true earth produces an angle 
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Figure 6. Types of vertical variation in ray paths. 
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TABLE 2 
Deviation 

Type of a at B at of a and B 
atmospheric receiver transmitter from true 
stratification (degrees) (degrees) bearing m 
“Standard” 

atmosphere — 0.069 — 0.194 + 0.042 2.44 
Adiabatic 

equilibrium — 0.083  — 0.208 + 0.028 0.16 
Rectilinear 

propagation on 

a true earth — 0.111 — 0.236 0 0 
a = —0.11°, which is the true bearing from receiver 


to transmitter. From the data of Table 1 it follows 
that a “standard” atmosphere and an atmosphere 
vertically mixed so as to be in adiabatic equilibrium 
both provide a variation of modified refractive index 
with height of a magnitude such that the angle of 
arrival measured at the Beer’s Hill receiver under 
these conditions is within 0.04° of true geometric 
bearing. In view of the fact that the instrumental ac- 
curacy of the Beer’s Hill antenna system is +0.04°, 
it follows further that the differences among. these 
three meteorological stratifications will not be evident 
in the measurements. 

Consider now a case in which the radiation path 
penetrates the layer above the transmitter. The oc- 
currence of an angle of arrival at the Beer’s Hill re- 
ceiver in excess of 0.236° above true bearing will re- 
quire a path of propagation rising to some level above 
the New York City transmitter. The variation of M 
with height within the layer immediately above the 
transmitter will be critical in determining the magni- 
tude of the signal received and its angle of arrival. 
The analysis following is limited to one particular 
case of this category producing an extreme deviation 
from true bearing in the angle of arrival. 

For the paths shown in Figure 6C, the M distribu- 
tion between 353 and 492 ft above mean sea level is 
that computed from the observed meteorological data 
on the 400-ft tower at 0800 on July 7, 1944. Using 
only this portion of the actual sounding, the variation 
of modified index of refraction in the layer immedi- 
ately above the transmitter has been computed as a 
Function of the angle @ at the receiver. In the case of 
the angle % = 0.355° (deviation from true bearing 
equal to +-0.466°), the calculated index at the level 


of total refraction, which computes as 505 ft, is very 


closely that observed at the uppermost level of mete- 
orological sounding (503 ft). Thus an angle of ar- 
rival deviating by as much as 0.47° from true geo- 
metric bearing is entirely possible for the meteoro- 
logical situation of 0800, July 7, 1944 and for the 
positions of the New York transmitter and Beer’s 
Hill receiver and could have been predicted from the 
observed meteorological sounding. 

A second significant conclusion can be readily de- 
duced by considering the modified refractive index 


distributions required in the layer immediately above 
the transmitter for different values of a. It is ap- 
parent that the lapse of modified index required for 
any of the angles considered in this example is not 
substantially different among all four angles; the 
primary requisite for the larger a’s is that the lapse 
continue to greater heights. Thus relatively small 
fluctuations in the meteorological elements can cause 
a time change of 0.1° in the angle of arrival measured 
at the Beer’s Hill receiver. Furthermore, a particu- 
larly unfavorable combination of small changes in the 
meteorological elements in this layer may cause the 
signal at the receiver to fall to a very low level. A 
similar conclusion is not valid for the case of propaga- 
tion confined to the layer between transmitter and re- 
ceiver and the case of path penetration below the re- 
ceiver, since another slightly different path can al- 
ways be found along which energy can reach the re- 
ceiver directly. 

A third significant conclusion can be deduced by 
inspecting the computed deviations from true bear- 
ing of the angles at the receiver and the transmitter, 
as given in Table 3. It will be noted that the devia- 
tion from true bearing of thé angle of arrival at the 
receiver is not the same as the deviation from true 
bearing of the angle of departure at the transmitter. 
Tm fact the data of Table 3 indicate that, under the 
meteorological situation of 0800 on July 7, 1944, the 
angle of arrival at the receiver would have been 


TABLE 3 
a at B at Deviation from 

receiver transmitter true bearing 

(degrees) (degrees) a B ™ 
+ 0.355 + 0.038 + 0.466 + 0.274 1.366 
+ 0.372 + 0.119 + 0.483 + 0.354 1.972 
+ 0.401 + 0.190 + 0.512 + 0.426 2.436 
+ 0.458 + 0.292 + 0.569 + 0.528 3.052 


MULTIPLE PATHS 
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Ficure 7. Correlation of deviations. 


ANGLE-OF-ARRIVAL MEASUREMENTS 


-+-0.27° above true bearing in place of -+-0.46°, were 
the receiver and transmitter interchanged at the end 
points of the path. On the other hand, for both cases 
1 and 2 treated above, the meteorological stratification 
was such that the angular deviations from true bear- 
ing at both receiver and transmitter were the same. 
The relations of the angular deviations from true 
bearing at the end points of the path are summarized 
in Figure 7. 

A fourth conclusion can be deduced by considering 
the curve in Figure 7 based on the computations tab- 
ulated in Table 3. It will be recalled that a fluctuation 
of 0.1° in angle of arrival at the receiver was con- 
cluded as possible as a result of relatively small fluc- 
tuations in the meteorological elements in the layer 
immediately above the transmitter. But it should now 
be noted that fluctuation of angle of departure at the 
New York transmitter is approximately 0.25° when 
the Beer’s Hill angle of arrival varies approximately 
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0.1° for the particular meteorological situation of 
0800 on July 7, 1944. 

It therefore follows, in summary, that the deviation 
from true bearing measured at the position of the re- 
ceiver depends not only on the range between trans- 
mitter and receiver and on the meteorological condi- 
tions but also and equally well on the relative differ- 
ence in heights of transmitter and receiver and the 
position in height of the receiver with respect to the 
transmitter. 


Comparison of Computed to 


Measured Angle of Arrival 


The experimental measurements of angle of ar- 
rival secured by Bell Telephone Laboratories and the 
meteorological data obtained on the 400-ft tower in 
Oakhurs|, have been analyzed to determine whether 
any significant correlations exist between the meas- 
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Ficure 8. Measured versus computed angles of arrival. 
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ured angles of arrival at the Beer’s Hill receiver and 
the angles of arrival computed from meteorological 
data. A grand synthesis is presented in Figure 8 of 
all days for which both BTL propagation measure- 
ments and Signal Corps tower meteorological sound- 
ings were available for comparison. Since simultaneity 
in radio and meteorological measurements was a rare 
occurrence, the angle of arrival evaluations from both 
sources of data are plotted along a time scale (in 
hours) for each day of the period. The angle evalua- 
tions from radio data are represented by circles; 
angles calculated from the meteorological data are 
represented by crosses of time length equal to the 
duration of sampling of the layer between transmitter 
and receiver (including both ascent and descent of 
the tower). Equipment limitations set the accuracy 
of BTL angle of arrival measurements at +0.04°. 

It is believed that generalized, overall conclusions 
for the entire period of comparison can be made as 
follows : 

1. That occasions of true bearing and “near true 
bearing” (say —0.11 to 0°) could have been pre- 
dicted from the meteorological data. 

2. That the occurrence of extreme deviations from 
true bearing would have been predicted from mete- 
orological data nearest in time to the radio measure- 
ments. 

3. That the magnitude of the most extreme meas- 
ured deviation (0.46°) from true bearing can also be 
calculated from observed meteorological data, though 
not simultaneously observed. 


Conclusions 


The propagation path of microwave radiation can 
be fairly well specified, given only a knowledge of the 


temperature and water vapor pressure distribution 
in the lewer atmosphere and the positions in space of 
transmitter and receiver. The equations of motion of 
the propagation of the individual wave fronts have 
been written in a form such that the angles of de- 
parture from the transmitter and the angles of arrival 
at the receiver can be evaluated directly from the 
meteorological stratification. Application of the theory 
to certain angle-of-arrival radio propagation experi- 
ments conducted by Bell Telephone Laboratories dur- 
ing the summer of 1944 has resulted in the following 
conclusions: 

1. A surprisingly good correlation exists between 
angles of arrival computed from meteorological and 
survey data only and the angles of arrival deter- 
mined experimentally. 

2. The extreme deviations (0.46°) from rectilinear 
propagation measured experimentally by BTL are con- 
firmed as plausible on the basis of observed meteoro- 
logical stratification. 

3. The meteorological analysis indicates that de- 
viations from rectilinear propagation and the fluctua- 
tion of the deviations about a mean value are as much 
a function of position of transmitter and receiver 
as they are a function of the existing meteorological 
structure. 

It is strongly recommended that low-level meteoro- 
logical soundings be considered an indispensable part 
of any experimental angle-of-arrival measurements. 
The good correlations secured between evaluation of 
angles of arrival from meteorological data and angles 
of arrival measured experimentally suggest that de- 
viations from, rectilinear propagation can be ac- 
counted for by measurable atmospheric conditions 
and that, further, these deviations can be reasonably 
well predicted. 
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Chapter 1 


PROPAGATION OF RADIO WAVES: 
INTRODUCTION AND OBJECTIVES . 


FACTORS INFLUENCING PROPAGATION 


HE PROPAGATION of radio waves through the 
Gh atmosphere and around the curve of the earth, 
at frequencies above 30 mc, is influenced by so many 
factors that it is desirable to give first an overall 
survey of the problem. This chapter presents the 
problem of propagation in broad perspective in 
contrast with many of the later chapters which are 
devoted to detailed consideration of special phases 
and methods of calculation. 

Our purpose has been to provide information de- 
signed for men with college training in radio, physics, 
or electrical engineering, which: 

1. States the basic laws of propagation, -that is, 
shows how the characteristics of the earth and the 
atmosphere control the propagation of radio waves; 

2. Gives the fundamental properties of the basic 
types of antenna systems, particularly their direc- 
tivity and gain; 

3. Gives the reflecting properties of targets such 
as airplanes for use in detection by radar; 

4. Teaches the reader how to calculate field 
strength or obtain the coverage diagrams, given a 
particular set, power, and site; 

5. Gives the fundamental information required in 
the above calculations for application to the radar 
and communication sets used in operational theaters; 

6. Provides illustrative material and sample cal- 
culations which. show how the laws of propagation 
may advantageously be used in the location and 
operation of radar systems, communication sets, and 
countermeasure equipment designed to deceive the 
enemy and to prevent jamming of equipment by 
enemy action or by mutual interaction of our own 
sets. 


FUNDAMENTAL PROBLEMS 
AND LIMITATIONS 


Meaning of Propagation 


By propagation is meant the movement of radio 
waves through the atmosphere, and the transfer, by a 
wave mechanism, of radiant energy from a transmit- 
ting antenna to a receiving antenna. The problem 
of propagation requires an understanding of the 
manner in which the wave energy is emitted and 
received as well as of the manner in which it flows 
through the atmosphere. The radio engineer must 
understand this general mechanism, be able to eval- 
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uate the factors which play contributory roles, and, 
for a given amount of power emitted from a given 
transmitter, be able to compute the strength of the 
radiation field at any point in space or to locate all 
the points in space where a given field strength 
occurs. / 

The problem divides naturally into two parts, (1) 
the one-way transmission or communication problem, 
and (2) the two-way transmission or radar problem. 
In the former the prime requisite is to calculate the 
amount by which the wave and its field strength are 
attenuated in passing from the transmitter to a 
receiver and yet permit a field at the receiver suffi- 
cient at least to produce the minimum detectable 
signal. In the latter problem the attenuation must 
be calculable for the two-way journey from trans- 
mitter to the target and back to the receiver, which 
frequently uses the same antenna as the transmitter. 
In this type of problem, due. account must also be 
taken of the reflecting and reradiating properties of 
the target. 

Knowledge of these factors is indispensable for the 
design, installation, and successful operation of both 
communication and radar systems. 


Atmospheric Layers 


The atmosphere from one point of view is com- 
posed of two layers, the troposphere and the strato- 
sphere. The former is a layer adjacent to the earth 
which extends upward approximately 10 km, in 
which the temperature decreases about 6.5 C per 
kilometer with increasing altitude to a value, at the 
upper boundary, of about — 50 C. Above this is 
the stratosphere in which the temperature remains 
approximately constant at — 50 C. 

The ionosphere, as its name implies, is a layer (or 
series of layers) composed of ions and free electrons 
lying at an elevation of approximately 100 km. See 
Figure 1. These layers play an important role in the 
transmission of waves at frequencies below 30 me 
and are responsible for transmission over very long 
distances. At the higher frequencies, which are the 
concern of this volume, the portion of the waves 
which penetrate the ionosphere is not useful for 
transmission. 

From this it follows that propagation at the higher 
frequencies (above 30 mc), to be useful, must occur 
entirely in the troposphere. This volume therefore 
is concerned only with tropospheric propagation. 
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Fiaure 1. 


Transmission along and reflection from the ionosphere occurs primarily -with frequencies below 30 mc. 


At higher frequencies useful transmission is primarily concerned with the nearly horizontal rays in the troposphere; 
higher angle radiation passes through the ionosphere and is lost. 


Standard Atmosphere 


Propagation of radio waves in the troposphere is 
materially influenced by the distributions of tem- 
perature, pressure, and water vapor. The condition 
most nearly approximated in the Temperate Zone has 
been accepted as the so-called standard atmosphere, 
and propagation under this condition has been stud- 
ied and calculations made thereon. 

In the standard atmosphere specified by the 
National Advisory Committee on Aeronautics 
[NACA] the temperature is assumed to decrease with 
altitude at the rate of 6.5 C per kilometer, starting 
from 15 C at sea level, with a sea level dry air 
pressure of 1013.2 millibars, which is equivalent to 
760 mm Hg pressure (see Table 1). 

To simulate the actual atmosphere of the temper- 
ate zones it is necessary further to specify a water 
vapor pressure. The value chosen is 10 millibars at 


TABLE 1. 


NACA standard dry atmosphere 


h p—e 
Altitude t Dry air Index of 
aaa aaa |e ECLA pressure refraction 
Feet Meters Cc millibars (n — 1)108 
0 0 15.0 1,013.2 278 
500 152 14.0 995 274 
1,000 305 13.0 977.1 270 
1,500 457 12.0 960 266 
2,000 610 11.0 942.1 262 
3,000 -915 9.1 908.1 254 
4,000 1,220 7.1 875.1 247 
5,000 1,525 5.1 843 240 


sea level, decreasing with altitude at the rate of 
1 millibar per 1,000 ft up to 10,000 ft. With this 
addition the conditions for a moist standard atmos- 
phere are specified in Table 1. This value of water 
vapor pressure yields a value of relative humidity 
approximating 60 per cent. 

Listed also in Table 1 is the index of refraction n. 
The gradient of this quantity, dn/dh, controls the 
curvature of the rays for a wave moving in the ap- 
proximately horizontal direction; n is given by the 


formula 
79 4800e 
= (ees 
(n — 1)10° = (p + T ), (1). 


where T is the absolute temperature, p and e are 
the total pressure and moisture vapor pressure, re- 
spectively, in millibars, at height h above sea level. 
In the moist standard atmosphere, n decreases lin- 
early with height h ct the approximate rate of 


Properties of the atmosphere. 


Moist standard atmosphere 


e Saturated 
Water vapor water vapor Per cent Index of 
pressure pressure relative refraction 
millibars millibars humidity (n — 1)108 
10 17.1 58.5 318 

9.5 16 59.4 312.4 

9 15 60.0 309 

8.5 14 60.7 304 

8 13.1 61 295.6 

7 11.6 60.3 284 

6 10.1 59.4 273 

5 8.8 57 262 


y 
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0.039 < 10-* units per meter. 

There are several reasons why this book concerns 
propagation in the moist standard atmosphere. 

1. The atmosphere in certain places (particularly 
the temperate zones) and over considerable periods 
of time is substantially standard in character. 

2. Calculations based on the standard atmosphere 
serve as a standard against which propagation in 
nonstandard atmospheres may be compared. 

3. A great deal of propagation information now 
available in the field is based on propagation cal- 
culated for standard conditions. 


Propagation in the Moist 
Standard Atmosphere 


The radiation energy emitted by a transmitter is 
@ wave spreading out in three dimensions, which 
may be represented by a series of concentric spherical 
wave fronts or by a system of lines called rays. The 
velocity at any point on the wave front is given by 
c 3X 108 


n n 


meters per second. (2) 


Since 7 decreases with height, the upper portions of 
the wave front move with higher velocities than the 
lower portions, and the wave paths as represented 
by the rays are curved slightly downward, as shown 
in Figure 2. 

The radius of curvature of the rays p is given by 


i =— = = + 0.039 X 10-® units per meter (8) 


Pp 
and p, therefore, is equal to 25.5 X 10° meters, which 


is approximately four times the radius of the earth 
(p = 4a). As a result the distance to the radio horizon 
is some 15 per cent greater than the geometrical line- 
of-sight distance from the transmitter to the horizon. 
This curvature of the rays by the atmosphere is 
called refraction. 


Ficurse 2. Curvature of rays in the standard atmos- 
phere. 


For the purpose of calculating wave propagation, 
only relative curvature of the earth and the rays is 
of interest. Compensation is made for the effects 
of refraction by replacing the actual earth with a 
radius a by an equivalent earth with a radius ka 


and replacing the actual atmosphere (in which the 
index of refraction n decreases with height) by a 
homogeneous atmosphere (constant n) in which the 
rays are straight lines. Since 1/a is the curvature 
of the earth and 1/p the curvature of the rays, we 
may set their difference equal to 1/ka, the curvature 
of the equivalent earth. Thus 


and 7 (4) 


Since p = 4a, k = 4/8, and ka, the radius of the 
equivalent earth, equals 8.49 X 10° meters. See 
Figures 4 and 5 in Chapter 4. 


Propagation in Nonstandard 
Atmospheres 


Though this subject is beyond the scope of this 
volume it is desirable to present a brief discussion 
of the salient features. 

Not infrequently the lower atmosphere is stratified 
in horizontal layers in which the variations with 
height of the temperature and moisture content 
are nonstandard. Of particular interest is a sharp 
rise in temperature with increasing height (tempera- 
ture inversion), or a sharp decrease in water vapor 
content, or a combination of the two. If these varia- 
tions from the standard distribution are sufficiently 
great, horizontal radio ducts may be formed in the 
atmosphere. In this event an appreciable fraction 
of the wave energy (only that fraction moving in the 
nearly horizontal direction) may be constrained to 
propagate along the duct to distances far beyond 
the horizon and the field strength may be large 
compared with that obtainable under standard 
conditions. This phenomenon produces a marked 
bending of the wave paths or rays and is known as 
super-refraction. To take fullest advantage of this 
phenomenon the antennas should be located in the 
duct. 

Ducts are of various types: 

1. Overland. These are surface ducts formed at 
night by the radiation cooling of the earth. 

2. Oversea. In the trade-wind belt there appears 
to be a continuous duct of the order of 50 ft thick 
starting at sea level. 

3. Land to sea. Warm dry air flowing from land 
out over cooler water often yields surface ducts 
100 or more feet thick. 

4. Elevated. Caused by subsidence of large air 
masses, these ducts may be found at elevations of 
perhaps 1,000 to 5,000 ft and may vary in thickness 
from a few feet to 1,000 ft. They are common in 
Southern California and certain areas in the Pacific. 
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Depending upon the-strength and the thickness 
of the duct, there is a limiting frequency below 
which the duct cannot trap the wave energy. 
Though trapping does at times occur at 200 me, 
it is more likely to occur at the higher frequencies 
such as 3,000 me. 

Ability to calculate performance under standard 
conditions is necessary if performance under non- 
standard conditions is to be evaluated. 


Radio Gain 


The basic problem to be solved is that, of com- 
puting the radig gain of a transmitting-receiving 
system. 

The radio gain of a transmitting-receiving system 
is defined as the ratio of received power Pe, delivered 
to a load matched to the receiving antenna, to 
power P,, supplied to the transmitting antenna, with 
both antennas adjusted for maximum power transfer. 
Thus 


Radio gain = a, (5) 


1 


which is equal, in the decibel scale, to 


10 logio < = radio gain in decibels. (6) 
1 

The attenuation is the reciprocal of the gain. Since 

P2/P, < 1, the gain in decibels is necessarily a nega- 

tive quantity. The attenuation in decibels is a 

positive quantity equal in magnitude to the gain in 

decibels. 

The radio gain can be taken as the product of 
physically significant factors. Among these are the 
gains G, and G3 of the transmitting and receiving 
antennas respectively; and A? which accounts for all 
other influences modifying the transmission of power. 
A is called the gain factor. 


Radio gain = fav 
P: 


1 


= G,G,A2. (7a) 


The radar problem involves double transmission 
over the path as well as the reradiating properties of 
the target, 1620/92. 


; P, 1610 
Radar gain = — = (GA! 5 (ad 
SEC OPM ie ee) oO 
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where o is the radar cross section of the target and \ 
is the wavelength. 

The gain factor, 4, may also be split into two 
factors, so that 

A = AvA». (8) 

Here Apo is the free-space gain factor for doublet 
antennas (see next Section and pp.338, 339 ,379 ) 
adjusted for maximum power transfer. Ao = 3A/87d 
where d is the distance between doublets. A, is the 
path gain factor which includes all additional influ- 
ences modifying the transmission of power. 

These factors may also be related to the field 
strength, #, at any point in space by 


E = EWNGA, (9) 
and 
eae (10) 
Ao E.\VG, 


Here Zp is the free-space field at a point in space 
set up by a doublet transmitter and HoVG is the 
free-space field of a transmitter with antenna 
gain G). 

The primary function of this book is to show how 
the factors A and A, may be caleulated, taking into 
account all contributory influences which modify 
their magnitudes. 


Radio Gain of Doublet Antennas 
in Free Space 


This is the fundamental and simplest case of 
transmission of radiant energy, against which other 
transmitting combinations may be compared. Two 
doublet antennas (for which the gains, by definition, 
are unity) are set up in free space in a manner whieh 
insures the maximum transfer of power to the re- 
ceiver circuit, i.e., the doublets are parallel to each 
other, have a common equatorial plane, and the 
receiver circuit impedance is matched to that of the 
receiving antenna (see Figure 3). Then for free 
space, 


ral 9 » 2 
Free-space gain = = = Aj? = =) , (1) 


and the free-space field strength at distance d from 
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Figure 3. Doublet antennas in free space. 
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the transmitter is 
_ 8V5 VP; 
— 


P, is the power radiated by the doublet transmitting 
antenna (see pages 336, 337). 


Ey (12) 


SURVEY OF PROPAGATION 
Outline 


We will first consider those factors which are 
instrumental in modifying the transmission or the 
attenuation that arises from the presence of the 
earth, then give typical curves of both vertical and 
horizontal variation of field strength, and lastly, 
consider the problem of coverage. 


Factors Modifying Transmission 


The important factors which affect the distribu- 
tion of field strength are the following: 

1. Antenna characteristics. For many applications 
the most important feature is the gain which is a 
measure of the directivity of the antenna. From a 
value of 1.09 for the half-wave dipole, the gain may 
increase to several thousand for the highly directive 
parabolic antennas used in the microwave range. 

Antennas with high gains which concentrate the 
radiated energy into beams of small angles require 
less power to produce a detectable signal. This is 
particularly important in radar where the attenua- 
tion of the two-way path is pronounced. 

Qualitative radiation patterns for the doublet 
antenna and an antenna with high directivity are 
illustrated in Figure 4. The radial distance to the 
pattern gives the relative amount of power per unit 
area radiated in that direction. 

2. Polarization. The wave is said to be polarized 
horizontally or vertically according to whether the 
electric vector E is parallel to the earth’s surface or 
is in a plane perpendicular thereto. A horizontal 
electric doublet (axis parallel to the earth’s surface) 
radiates horizontally polarized waves, whereas a 
vertical doublet radiates vertically polarized waves. 

Too many factors are involved to make it possible 
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Fiaure 4. Antenna radiation patterns, 


to state in general which type of polarization should 
be used in a particular case. 

3. Refraction. As explained in text on page 329, 
refraction in the standard atmosphere can be taken 
into account by using an equivalent earth with a 
radius equal to 4/; that of the actual earth and a 
homogeneous atmosphere in which the rays traverse 
straight line paths. 

4. Reflection. Well above the line of sight (see 
Figure 5) the field at the receiver R is,the vector sum 
of the fields radiated along the paths of the direct 
and reflected rays. The contribution from the 
reflected ray path depends primarily on the manner 
in which the earth (or sea) acts as a reflecting body. 

Upon reflection, the angle of incidence (90° — y) 
is equal to the angle of reflection, irrespective of the 
polarization of the wave, but the strength of the 
field in the reflected ray relative to that in the inci- 
dent ray depends upon (a) the grazing angle y, 
(b) the type of polarization, (c) the reflecting proper- 
ties of the earth or sea, and (d) the divergence factor. 

The incident beam or bundle of rays, in general, is 
partially absorbed by the earth, while the reflected 
portion is reduced in strength and suffers a phase 
shift relative to the incident beam. (In the case of 
sea water with horizontal polarization, the earth 
acts substantially as a perfect reflector, for which 
the reflection is 100 per cent complete and the phase 
shift is 180 degrees for all grazing angles. This is 
true for vertical polarization only at zero grazing 
angle.) 

The divergence factor is introduced to account for 
the fact that an incident bundle of rays striking a 
spherical surface diverges upon reflection and pro- 
duces a further decrease in strength of the reflected 
beam. 

Reflection from hills, trees, and other obstacles 
must frequently be taken into account, particularly 
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Ficure 5. Geometrical relations for rays. 
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in the siting of very high frequency [VHF] com- 
munication sets. ~ 

5. Diffraction. The mechanism by which radio 
waves curve around edges and penetrate into the 
shadow region behind an opaque obstacle is called 
diffraction. The explanation usually given is based 
on Huyghens’ principle. This, in effect, states that 
every elementary area on a wavefront (see P in 
Figure 6) is a center which radiates in all directions 


S< Shadow zone 


oo 


Figure 6: Diffraction around an obstacle. 


on the forward side of the wavefront; the intensity 
of radiation is a maximum in the direction per- 
pendicular to the wavefront and depends on angle 
6 according to the function (1 + cos @). The field at 
any point, either inside or outside the shadow zone, is 
obtained by summing the contributions from all the 
elementary areas comprising the wavefront. 

As a result of these calculations, the field along the 
line AA’ in Figure 6 varies approximately as indi- 
cated in the curve. Unity represents the field value 
if the obstacle were removed. It is seen that the 
field strength rises from a minimum at point A to 0.5 
at the edge of the shadow zone and thereafter oscil- 
lates about unity. The field outside the shadow zone, 
therefore, at certain points is stronger and at other 
points is weaker than it would be if there were no 
obstacle. The curve, of course, varies with the 
position of the line AA’, the size and shape of the 
obstacle, the wavelength of the radiation, and the 
type of polarization. The diffraction of radiant 
energy into the shadow zone increases with increas- 
ing wavelength. 

Of prime importance for propagation of radio 
waves is the diffraction of these waves into the 
diffraction region below the line of sight (see Figure 
5). But it should be noted that the influence of 
diffraction is not confined to this region but extends 
well above the line of sight. [In general, the influ- 
ence extends upward far enough to affect the shape 
of the lower part of the first lobe in a coverage 
diagram (see Figures 25 and 26 of Chapter 5). In 
this region the diffraction contribution must be 
added to the contributions of the direct and reflected 
rays to give the correct value of the field strength 
at R in Figure 5.] 


Of importance in communication problems is 
diffraction of waves around obstacles such as hills, 
trees, houses, etc. This is illustrated in Figure 6. 
Again diffraction is important in problems involving 
propagation above two different earth conditions. 
An especially important case is that of a radar set 
well inland and searching far out over the sea. Here 
the shore line is treated as a diffracting edge for the 
radiation from the image antenna. 

6. Absorption and scattering. No account is taken 
in this book of the absorption and scattering of radio 
waves by the various constituents of the atmos- 
phere. Oxygen, water vapor, water droplets, and 
rain all contribute to absorption. Their influence, 
however, is important only in the microwave range 
and in general tends to increase with frequency. 


General Nature 
of the Radiation Field 


In the last section , reference was made to the 
role of reflection by the earth. The resultant of the 
direct and indirect rays at points in the region above 
the line of sight gives rise to the lobes of an inter- 
ference pattern (see Figures 9 to 12). The maximum 
number of lobes is the largest integral number of 
times that the quarter wavelength is contained in the 
transmitter height. 

In the case of horizontal polarization over a 
smooth surface, e.g., a calm sea, the reflected and 
direct rays are comparable in strength, so that at 
certain points (on lines for which the points corre- 
spond to a path difference of a half wavelength) 
where the reinforcement is a maximum, the field 
may be as much as twice the free-space field. More 
exactly, the free-space field is multiplied at points of 
maxima by (1 + FD), where D is the value of the . 
divergence factor for the point and F gives the rela- - 
tive strength of the reflected and direct rays attribut- 
able to the antenna beam pattern. At points of 
minima (the nulls) the field is (1 — FD) times the 
free-space field. 

In general the magnitude of the reflected wave is 
reduced both by the increased divergence resulting 
from reflection from the convex surface of the earth 
but also because the electrical properties of the 
earth are such that only part of the incident energy 
is reflected. The magnitude of the reflection coeffi- 
cient is then pD instead of the D used in the preced- 
ing paragraph, where p is the magnitude of the 
reflection coefficient for plane waves impinging on 
a plane surface. The field strength, then, lies be- 
tween (1 + pFD) and (1 — pFD). As a result of 
the smaller value of pFD for vertical polarization 
the maxima of the interference pattern are reduced 
and the nulls strengthened. 

At low heights (see Figure 3 of Chapter 5) the 
effect of diffraction is important, so that when refer- 
ence is made to the optical interference region, it 
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should be understood that the portion of the optical 
region near the earth is not included. It must be 
considered instead as part of the diffraction region. 

The diffraction region, accordingly, designates a 
layer in the optical region as well as the region below 
the line of sight (see Figure 3 in Chapter 5). Below 
the line of sight the field falls off exponentially. 
Within the diffraction region, fields are strengthened 
by raising the receiver or transmitter antennas. 


Typical Radio Gain Curves 


Three types of graphical representation of radio 
gain in a vertical plane through the transmitter 
antenna are possible, namely, (1) at a specified 
distance, radio gain against height; (2) at a specified 
height, radio gain against distance; and (3) a set of 
contour lines representing constant radio gain. 

In Figure 7, curves of type (1) are exhibited for 
various frequencies. The transmission is over sea 
water with horizontally polarized waves. It may be 
observed that the higher the frequency the lower the 
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Figure 7. Radio gain vs receiver height for horizontal 
polarization. 
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Ficure 8. Radio gain vs receiver height for vertical 
polarization. 


first maximum and the narrower the lobe. Figure 8 
gives similar information for vertically polarized 
waves. Note that the minima are not so deep with 
vertical polarization. Curves of type (2) exhibit 
similar characteristics (see Figure 6 of Chapter 5). 

In Figures 9 to 12*, vertical coverage diagrams of 
type (8) are given. These illustrate the effects of 
frequency, polarization, and transmitter height. 

A comparison of Figures 9 and 10 shows the effect 
of frequency. As the frequency increases, the lobes 
become more numerous, narrower, and lower. 
Another effect is exhibited along the surface. For 
the higher frequency the corresponding decibel lines 
come in closer to the transmitter. This illustrates the 
fact that for the higher frequency the shadow effect 
is more pronounced along the surface of the earth. 

A comparison of Figures 10 and 11 shows that 
for horizontal polarization the nulls are deeper but 
the lobes extend out farther. Along the line of sight, 


® Figures 7 to 12 have been adapted from Radiation Lab- 
oratory Report C-6. 


Ficure 9. Contours of constant radio gain factor for horizontal polarization on 100 mc over sea water. 
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vertical polarization gives the higher field strength, greater the frequency the less difference in the 
while well within the diffraction region the field diffraction region between the two polarizations. 
strength is about the same. The last observation A comparison of Figures 9 and 12 shows the effect 


holds for all frequencies greater than 300 me, the of the height of the transmitting antenna. As the 
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FicurE 12. Contours of constant radio gain factor for horizontal polarization on 100 mc over sea water. 
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antenna height is increased, the lobes are narrower 
and depressed toward the horizon. The range is 
improved. However, there are broad nulls for the 
higher antenna in‘ which detection will fail. Below 
the horizon, the corresponding decibel contours are 
pushed to the right so that point-to-point com- 
munication is improved. It should be observed that 
the effect of height upon the lobe structure is similar 
to that of frequency. 

Which contour actually represents the limit of 
detection for a given radar depends on the power 
output of the transmitter, the minimum power 
detectable by the receiver, the antenna gains, and 
the radar cross section of the target. For com- 
munication sets, the same quantities, except the 
target cross section, apply. 


UNITS AND FREQUENCY RANGES 
Units 


In this book the units used are those of the mks 
rationalized system, in which distances are ex- 
pressed in meters, masses in kilograms, and time in 
seconds; and the formulas have been rationalized 
so that the factor 47 appears in equations involving 
point sources, 27 in equations involving line sources, 
and is generally absent from equations for uniform 
or unidirectional fields. 

The Coulomb formula, for illustration, for point 
sources in classical electrostatic units, 


= ah 
i s (13) 
with f in dynes, gi: and q in statcoulombs, r in centi- 
meters and e referred to unity in free space, is 
transformed to 


ye EE (14) 
Amene,r? 


Here force f is given in newtons (1 newton = 10° 
dynes), g: and q2 in coulombs, r in meters, e¢, is the 
dielectric constant relative to that of free space ¢. 

Similarly, the Coulomb formula for magnetic poles, 


— Mmm, 


Tee (15) 


with m, and min unit poles in the electromagnetic 
system and u equal to the permeability, transforms to 
= (16) 
Amr pop,T* 
where m, and m are now given in webers, yp, is the 
permeability relative to that of free space po. 

In the mks rationalized system, the free-space 
values of ¢9 and po must carry the burden of the 
change of units and the inclusion of 47, and thus 
take on the values 
8.854 - 10°? = = 10° farads per meter, (17) 


Tv 
wo = 4-107 & 1.257 - 10° henries per meter. (18) 


With these values, c, the velocity of light in free 
space, is equal to 


ll 


€ 


c= me = 2.998 - 10° = 8 - 10° meters per second 


€oHo (19) 
and the impedance of free space is 
\# = 376.7 ohms. (20) 


£9 

This system of units has been chosen because it is 
unified, free from numerical factors required in 
equations using arbitrary choices of units, and has 
been adopted by the International Electrotechnical 
Commission. Since the various Armed Services 
use differing sets of units for their operational 
instructions, it would have been impossible to choose 
any one that would have been satisfactory to all; 
hence the choice of using the only system which is 
generally recognized and scientifically sound. 


Symbols for Frequency Ranges 


The following symbolism has been adopted for 
various ranges of frequency. 


TaBLE 2. Symbols for frequency ranges. 


Frequency | Frequency Wavelength 
Symbol name mec meters 

LE | Low 0.03-0.3 10,000—1,000 

MF | Medium 0.3-3 1,000-100 

HF | High 3-30 100-10 short waves 
VHF | Very high 30-300 10-1) ultra-short 
UHF | Ultra-high | 300-3,000 1-0.1 { waves 
SHE | Super-high >3,000 <.1 microwaves 


Chapter 2 


FUNDAMENTAL RELATIONS 


THE ELECTRIC DOUBLET 
IN FREE SPACE 


Radiation of an Electric Doublet 


T IS CONVENIENT to present the basic relation- 
I ships of radiation and reception by antennas in 
their simplest form, that of the radiation and recep- 
tion of electric doublets in free space. The resulting 
formulas will later be generalized to include other 
types of antennas and their positions relative to the 
earth. 

An electric doublet is a rectilinear antenna, which 
is symmetrical about the point or points of connec- 
tion thereto and is so short that its directive proper- 
ties are independent of its length. The field of such 
an antenna does not depend on the distribution of 
current along the wire, because the wire is so short 


Figure 1. Polar coordinate system. 


that there is no phase difference between waves 
reaching a point in space from different portions of 
the wire. In symbols, 1 << \ where 1 is the length 
of the antenna and ) is the wavelength of the radia- 
tion. F 

To facilitate the analysis of the field of the doublet 
antenna, the spherical polar coordinate system 
shown. in Figure 1 is introduced. The upper half 
of the doublet is shown in the figure. The distance 
from the center of the antenna to a point in space 
is here denoted by 7. Elsewhere in this volume 
this quantity is written d. 

Let dl be an infinitesimal portion of 1, the length of 
the doublet, and let the current in this portion be 
the real part of Ie?" Let dE,, dE,, dE, and dH,, 
dH,, dH, be the components of the electric and 
magnetic field strengths at any point P(r, 6, ) due 
to the current in dl. A straightforward solution of 
the fundamental equations of electromagnetic theory 
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gives the following values for these components, 
valid at distances large compared with the length of 
the doublet: 


[+ au al dl. cos 6 ei 2"/*)(e-") 
2 Oars 
volts per meter, 


eg al dl sin @ ef 27/*)et-") 
4q?73 
volts per meter, (1) 


dE, = 60 fz 
Cart ayaa iva) ae 


dE. = 0, dH, S 0, dH, = 0, 


I [ j 1 : On 
dH, = —| + + —— | dlsing e727’ t-) 
OT lie” =| 


amperes per meter, 


where 
c = velocity of light = 3 X 10® meters per second 
jolt, 


and all distances are measured in meters. Electric 
field strengths are in volts per meter and magnetic 
field strengths are in amperes per meter. Unless 
otherwise explicitly stated, the mks rationalized 
units are used throughout this volume. 

Equation (1) can be simplified at once. Since the 
time variation of the field is assumed sinusoidal, 
e @rct/*) may be omitted. The term e?°"” gives the - 
phase, and it too can be omitted when only the 
amplitude is required. From here on, unless other- 
wise stated, it is understood that root-mean-square 
(rms) values will be used for dH,, dE», dH,, and I. 

The field in the neighborhood of the doublet -is 
called the induction field and is given by the terms 
in equation (1) which include the highest powers of 
r in the denominators. This field is important when 
mutual effects between closely spaced antennas, or 
antennas and reflectors or directors, are involved. 

The radiation field, of greater interest for most of 
the purposes of this volume and the only important 
field at large distances (r>>)), is given by the 
terms in equation (1) containing 7}. ‘Thus the 
radiation field for the element dl of the doublet may 


be written: 


dE, = OOalalsin() volts per meter, 
Ar (2) 
Idlsind dE, 
dH, = — = — 
¢ nr 120_ amperes per meter. 


The other components are relatively negligible 
except near the antenna or near ground for low 
antennas. The electric field dH, is perpendicular 
to the radius vector r and lies in the 7,2 plane, and 
the magnetic field dH, is perpendicular to r and to 
dE,. It will be noted that H/H = 1207 = 376.7 
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ohms. This is the impedance of free space in the 
mks rationalized system of units, the ohms of the 
electrical engineer. 

Equation (2) describes the radiation field of a 
differential element of the doublet. To get the 
radiation field of the whole doublet, these equations 


must be integrated over the length l. This gives 
1/2 
607 sin 6 Tdl 
E, = -1/2 
ar 


H, = E,/1207 amperes per meter. 


volts per meter, (3) 


Equation (3) may be written in exactly the form 
of equation (2) by introducing the effective length, L, 
of an antenna, which is defined as the length that a 
straight wire carrying current constant over its 
length would have if it produced the same field as 
the antenna in question. Calling the current meas- 
ured at the input point /;, 


i 
Idl 
L=+"___ meters, (4) 
and hence 
6071 ,L sin 6 
Ey = mae FS volts per meter, 
(5) 
Ay = lie meter 
* = Too, amperes per ; 


so that equations (5) are the same as equations (2) 


with J;L replacing | Idl. For a short dipole or 


doublet the current varies linearly from J; at the 
midpoint to zero at each end so that from equation (4) 
L = 1/2 for a doublet. 

The power per unit area, W (that is, the power 
flowing through a unit area normal to the direction 
of propagation), is represented by Poynting’s 
vector and is given by the product E,H, times the 
sine of the angle between Hy and Hy. This angle is 
90 degrees. Consequently, 


W = EH watts per square meter, 

ER? 
W= 1207 watts per square meter, (6) 
E = V1207W volts per meter. 


To find P, the power output of the doublet, W is 
integrated over a large sphere concentric with the 
source. Using equations (5), 


E*d? 
= 45 watts 
and PRE (7) 
Re 3V5 we 
d 


where d is written in place of r. The subscripts @ and 
@ have been dropped at this point because the 
E and Z referred to in equations (7) are the fields 
in the equatorial plane, where sin @ = 1. 


As the antenna is part of a circuit, it is often con- 
venient to think of the radiated power as being 
dissipated in a fictitious resistance called the radia- 
tion resistance, defined by 


ohms, (8) 
where P is the radiated power and J; the rms input 
current. For the doublet, 


2 
R, = 807° e ohms, (9) 
nN 


where L is the effective length given by equation (4). 
Reception by an Electric Doublet 


When an electromagnetic wave falls upon an 
antenna, a current is induced in the antenna and 
power is abstracted from the wave. If the antenna 
is connected to a load, the power abstracted is 
dissipated in two ways: (1) by absorption in the 
load (reception), and (2) by reradiation from the 
antenna (scattering). 

In this classification, the power dissipated by the 
antenna itself (due to its ohmic resistance) is ignored 
because this loss is likely to be negligible compared 
with the power dissipated through reradiation. 
Hereafter, power absorbed by the load will be called 
received power and power reradiated by the antenna 
will be called scattered power. The sum of these is 
equal to the power abstracted from the wave. 

The calculation of the received and scattered 
power may be carried out by means of the equivalent 
circuit of Figure 2. In this figure, Z, is the impedance 


VOLTAGE GENERATED IN ANTENNA 


Figure 2. Equivalent circuit of antenna and load. 


of the doublet and Z; is the impedance of the load, 
that is, the impedance connected across the terminals 
of the antenna when it is acting as a receiver. V is 
the voltage generated in the antenna. 

The load is supposed to be tuned, which means that 
the reactance part of Z, is set equal and opposite 
to the reactance part of Z,, so that Z, + Z, = Ra 
+ R, that is, the total impedance is simply the 
sum of the resistance parts of the impedances of the 
antenna and the load. Hence 


V 
Ra + Ry 


But P, = R,J* is the power ab- 


I= (10) 


gives the current. 


10; 
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sorbed by the load and hence is equal to 
een me SES (11) 
(Ra Pp R,)? 


where P, is called the received power. In the same 
way 
A V*Ra 
(Ra ar R,)? 
is the power scattered by the doublet. 
It is easy to show that the maximum power is 
delivered to the load if R, = R,. In this, the matched 
load case, 


(12) 


Ss 


2 2 
el ite Nv 


4R, 4R, 

Now the resistance of the doublet, neglecting its 
low ohmic resistance, is only the radiation resistance 
[equation (9)] and the potential or voltage across 
the terminals is equal to Hol, where £p is the field 
strength of the incident plane wave and L is the 
effective length of the doublet. Inserting these 
quantities into equation (13), 

P. ri P. o> ots o ay 3 
1207 87 
In these equations it has been assumed that the line 
of the doublet has been oriented parallel to the 
electric vector of the incident wave in order to obtain 
maximum power absorption. 

The factor H,?/1207 will be recognized from 
equation (6) as the power per unit area of the inci- 
dent wave. The formula thus says that all the power 
crossing an area 3\7/87 is received, and that all the 
power crossing an equal area is scattered. The 


(13) 


(14) 


area 3\’/87 is therefore called the absorption cross ; 


section or scattering cross section of the matched 
doublet. Since the antenna has been placed parallel 
to the polarization of the incident wave, this is the 
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maximum absorption cross section. Moreover, this 
formula holds only when the doublet has been 
matched to its load, and consequently 3\?/87 is the 
maximum absorption cross section. 

It will be noted, however, that 3\?/87 is not the 
maximum scattering cross section. This maximum 
is achieved by shorting out the load, that is, setting 
R, = 0. In this case, 

P,=0 
and 
_ Be 3M (15) 
7 10 DR 
Hence the scattering cross section of the shorted 
(dummy) doublet is four times the scattering cross 
section of the matched load doublet. 


Transmission between Doublets 
in Free Space 


Assume that two doublets, one to function as a 
transmitter and the other as a receiver, a distance 
d>>) apart, are adjusted for maximum power 
transfer. This means that the axes of the doublets 
are parallel and lie in their common equatorial plane 
and that each is matched to its connected circuit. 
Then the power radiated by the transmitting doublet, 
from equation (7), is equal to 


Ed? 
3) 


Py = (16) 


watts, 


and from equation (14) the power delivered to the 
load circuit of the receiving doublet is given by 


Ee 3 
1207 ; 87 

Hence the ratio of the received power (to the load 
circuit) to the output power for maximum power 


\(METERS) 


watts. 


(17) 


d (KILOMETERS) 


Ficure 3. Free-space gain for doublets P:/P; = (8\/87d)? = A%. (Adjusted for maximum power transfer.) 
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transfer is 
P, ( 3 y i 
—= = Aj. 18 
P, 0 (18) 
The ratio P:/P, = Ao? (as used here) is called the 
free-space radio gain for matched doublets or for 
short the free-space gain, since all objects, including 
the earth, are supposed remote from both doublets. 
This free-space gain, 49 = 3A/8zd. On the decibel 
scale, it takes the form 
10 logio i = 20 log Ao 


1 


= — 18.46 — 20 login < decibels (19) 


The nomogram. Figure 3, gives a convenient 
means of calculating the radio gain for doublets 
adjusted for maximum power transfer. 


POWER TRANSMISSION. RECIPROCITY 
Radio Gain 


Preceding formulas (16- 19) apply to doublets in 
free space. This section considers the modifications 
that must be made in the formulas when the re- 
striction of free space is removed. In actual trans- 
mission problems, ground reflection, reflection from 
elevated layers of the atmosphere, diffraction by 
earth curvature and by obstacles, and refraction by 
the atmosphere must be considered. In Chapters 5, 
6, and 7 special forms of gain are discussed and 
separate gain factors are introduced to take care of 
each effect. For the present a factor that will be 
called the path-gain factor, A», representing the 
product of all these special factors will be used. 
A, is defined by 

E = E,A;, (20) 
where F is the absolute value of the actual field 
strength and Hp is the absolute value of the free- 
space field strength that would exist at the same 
distance d from the doublet transmitter in free space. 

Replacing Ho with HoA,, equation (17) for the 
received power, becomes 
_ EvA, 3” 

1207 87 
whiie the power output as given by equation (16) 
remains unchanged, so that 


P, (2) 


(21) 


2 


P. 1 Sad. 

replaces equation (18) as the ratio of received 
power to output power for maximum power transfer 
between doublets. The quantity defined by (22) 
is the free-space gain and A is the gain factor. 

The general relation between the input voltage at 
the receiver and the received power is V; = VP2R), 
where R; is the resistance of the receiver load circuit 
(which is equal to the radiation resistance for maxi- 


= |——) A? = (A.A,)? = A? (22) 


mum power transfer) and V; is the input voltage. 
Hence, using equation (14), 


V; = 0.0178E,AVR, volts (23) 
1 Ss EyL 
= ——= E,\VR; = 
Sa RRNA Ty au. Mae 


Antenna Gain. Polarization 


The equations given before (1-19)may be further 
generalized to apply to any type of antenna through 
the introduction of a quantity called the antenna 
gain. The term gain, as applied to an antenna, isa 
measure of the efficiency of the antenna as a radiator 
or receiver as compared with that of a doublet 
antenna, with all antennas located in free space. 

Quantitatively, the gain, Gi, of a directive trans- 
mitting antenna is the ratio of the power P;’ radiated 
by a doublet antenna to the power P; radiated by the 
antenna in question to give the same response in a 
distant receiver, with both transmitting antennas 
adjusted for maximum transfer of power. Hence 

, 
Gua (24) 
1 

The gain ( of a directive receiving antenna is the 
ratio of the power P,” radiated by a transmitting 
antenna, which produces a certain response in the 
matched load circuit of a distant doublet receiving 
antenna, to the power P; radiated by the same 
transmitting antenna to produce the same response 
in the matched load circuit of the receiving antenna 
in question, with both receiving antennas adjusted 
for maximum transfer of power. Hence 

‘ in IR 
Ge rae (25) 

From the definitions given above it follows that 
for a transmitting and receiving antenna combina- 
tion in free space, with gains G, and Gz and adjusted 
for maximum power transfer, the power ratio is 


equal to 
P, (2 2 
Pica Nead 


= GiG.A 0°, (26) 


where P;, G; are the power output and gain of the 
transmitter and P, is the power delivered to the 
matched load of a receiving antenna of gain Go. 

If the antennas are not in free space, equation (26) 
becomes 


GiGa(AoA,)?, (27) 
= (1G2A2, 


sp) 
2 
2 |¥ 
— 
> 
She) 
Il 


where A is the gain factor and A, is the path-gain 
factor. Note that for highly directive antennas A, 
may depend upon the directivity characteristic of 
the antennas, e.g. when the antenna discriminates 
between the direct and reflected waves. 

Since power is proportional to the square of field 
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strength, equation (20), for any transmitting an- 
tenna, becomes 


E = EVGA). (28) 


In defining gain, the electric doublet is selected 
here as the comparison antenna in place of the iso- 
tropic radiator (that is, a hypothetical antenna 
which radiates equally in all directions) which is 
sometimes used in the literature. Since the gain of 
an isotropic radiator relative to a doublet is 74, the 
gain of any antenna referred to an isotropic radiator 
is 32 the value referred to a doublet antenna. 


G (isotropic) = 1.5Gdoublet). (29) 


The chief objections to the isotropic radiator are 
that it does not occur in practice and cannot be 
produced experimentally, even approximately. 

In experimentally measuring the gain of an an- 
tenna, a half-wave dipole is often used as a reference 
antenna. While the gain of a half-wave dipole rela- 
tive to a doublet is approximately unity, being 1.09 
for a very thin dipole, it depends somewhat on its 
actual dimensions so that it is better to express the 
experimental gain in terms of the doublet antenna 
even though a longer antenna is used as a reference 
antenna in making the measurements. 

When antennas are oriented so that the directions 
of polarization make an angle y with each other 


DIRECTION OF 
MAX RADIATION 
TRANS RE 


sO ee Soe Se PIS 
igaqe ae ee ee OY 
TT mes 
TRANSMITTER DIRECTION OF RECEIVER END VIEW 


MAX RE-RADIATION 


Ficure 4. Relation of antenna axes and wave polariza- 
tion. 


(while the maxima of their angular patterns still 
point toward each other), the formulas for power 
transfer, equations (18), (22), and (27), are multi- 
plied by a factor cos? y (see Figure 4). 


The Reciprocity Principle 


So far in this chapter the radiation and reception 
of power by antennas have been treated separately. 
Actually, many of the properties of an antenna-are 
the same for either reception or radiation; in partic- 
ular, the current distribution, the effective length, 
and the gain are unchanged. The reciprocity prin- 
ciple, from which these propositions may be proved, 
may be stated as follows: If an electromotive force 
V, inserted in antenna 1 at a point 21, causes a cur- 
rent IJ to flow at a point x2 in antenna 2, then the 
voltage V applied at 22 will produce the same cur- 
rent I at 2. 

From this principle the statement of the equiva- 
lence of current distribution, effective length, and 
gain follow readily. 

This theorem does not hold when the propagation 
of a wave takes place in an ionized medium in the 


presence of a magnetic field (the ionosphere), but it 
does hold for all cases of transmission discussed in 
this volume, 


RECEIVER SENSITIVITY 


The sensitivity of a-radio receiver is that charac- 
teristic which determines the minimum strength of 
signal input capable of causing a desired value of 
signal output. In high-frequency receivers the 
limiting factor for reception is usually set noise, 
that is, noise produced in the tubes or other ele- 
ments, such as crystals, of the receiver itself. At 
frequencies below about 100 mc, atmospheric dis- 
turbances sometimes exceed the set noise in intensity, 
but at higher frequencies atmospheric static is 
negligible. Man-made noise (automobiles, etc.) 
may be a source of serious trouble, but such inter- 
ference can often be eliminated by proper siting. 
Consequently, for high-frequency receivers, sensi- 
tivity may be expressed, at least approximately, in 
terms of set noise only. 

Although set noise has an important bearing on 
sensitivity of radar receivers, there are other factors 
which must be considered for this type of equipment. 

There are several types of set noise. Though all 
noise sources in a well-designed receiver are mini- 
mized with the exception of the thermal noise whose 
magnitude is independent of equipment construction, 
the total set noise is usually several times the purely 
thermal noise. 


Thermal Noise 


Thermal noise is generated by the random 
(temperature) motion of electrons in a conductor; 
it is, therefore, a universal property of matter and 
independent of the design features of the receiver. 
The rms thermal-noise voltage that appears across 
the terminals of any circuit element is a function of 
the frequency interval (receiver bandwidth) over 
which the noise is averaged; it is given by 


Vn = V4kTAf - R, (30) 


where R is the resistance across which the noise 
voltage is measured, Af the bandwidth in cycles 
per second, 7 the absolute temperature, and k, 
the Boltzmann constant, is equal to 1.38 X 107% 
watt-second per degree. The noise voltage is inde- 
pendent of the reactance components in the circuit. 

Consider now, for the purpose of definition, a 
receiver without internal noise, that is, let all the 
noise be generated in the receiving antenna of re- 
sistance R,. If R, designates the load resistance 
(that is, the resistance of the receiver exclusive of its 
antenna), the average noise power delivered to the 
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receiver will be 
VAR, 


oo Nal Ld 31 
(Ra + R,)? } 


where V, is the rms value of the noise generated in 
the antenna. 

The noise power is maximum when the receiver is 
matched to its input; this maximum is 


V.2 
P, = —=kTAf watts (32) 


‘a 
by equation (30). Assuming equivalent temperature 
T = 290 degrees absolute, and measuring Af in 
megacycles, 
P,=4 X10 Af watt. (33) 


This result means that in an idealized receiver, 
noise is the thermal noise of an antenna of equivalent 
temperature 7’ = 290 degrees absolute, and the 
minimum detectable signal would be approximately 
equal to 4 X 10° Af watt. 


Noise Figure 


The sensitivity of a set cannot be described in 
terms of the thermal noise alone, because the set 
noise is usually several times the purely thermal 
noise. For this purpose another quantity called the 
noise figure is used. The noise figure of a system 
(taken here to be a receiver, for definiteness) is 
defined as 


zs Prof Pri 
z IDPs 


where P,,; = noise power (k7'Af) from the antenna 
which is being delivered to the receiver. 

Po = noise power at the output of the re- 
ceiver, that is, the noise after the 
amplifications and additions arising in 
the receiver circuit. 

P;; = signal power from the antenna which is 
being delivered to the receiver. 

P;, = signal power at the output of the 
receiver, that is, the signal power after 
detection and amplification have taken 
place. 

The ratio P;,/P;; is called the receiver gain. This 
quantity is called g and must not be confused with 
antenna gain G. Using equation (82), equation (34) 
may be written 


(34) 


os (35) 


The bandwidth Aj is measured by finding the area 
under a curve of power-gain versus frequency and 
equating this area to the area of a rectangle whose 
width is interpreted as Af and whose height corre- 
sponds to the gain at the frequency at which the 
gain is a maximum. 


Receiver Sensitivity 


Frequently receiver sensitivity is defined by the 
assumption that a received signal can be discrim- 
inated when its output power is equal to the noise 
output power. This assumption, while true for a 
large class of receivers, is too rough for radar re- 
ceivers. The method given here will explain the 
procedure used for calculating the minimum dis- 
cernible power of receivers for which the assumption 
is true. The sensitivity of radar receivers is con- 
sidered on page 342. 

Referring to equation (34), the assumption that 
signal output power is equal to noise output power 
means that P;, = Py»). Hence 


[f= ale (36) 


But P;; is, on the assumption discussed above, just 
the minimum discernible signal power, Pmin, at 
the receiver input, that is, before amplification. 
Hence, using equations (32) and (33), 


Prin= kKTAf- F, 4 X 10° Af- F, watt. (37) 


Measurement of the Noise Figure 


Remembering that the cases under discussion area 
those for which the minimum discernible signal is 
equal to the noise output power, equation (87) gives 
an estimate of the minimum detectable power from 
a measurement of the noise figure F,, which may be 
obtained as follows. 

An antenna (or other signal generator) whose 
impedance is matched to the receiver is connected 
to the receiver. With the signal output reduced to 
zero (so that the antenna furnishes only noise power 
to the receiver), the receiver gain is increased until 
the noise gives a measurable output and the output 
noise power is measured with a power meter. Now 
a signal is impressed on the antenna and increased 
to a point where the receiver output power is doubled, 
and tbe input signal power is measured. Thus, 
referring to equation (34), 
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n and F, = 


so that the measurement of the impressed signal 
power indicated here gives F,. 

If the receiver consists of several elements in 
cascade, including attenuators, amplifiers, ahd con- 
verters, the overall noise figure can be compounded 
from the noise figures and gains of the individual 
components by means of the following equation: 


Fiy2—1 Fiy3—1 
f=) 
91 9192 


F, = Frat (38) 
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where F,, = overall noise figure, 
F,, = noise figure of the kth element, 
9, = gain of the kth element. 


In using this equation it is understood that the suc- 
cessive stages are matched. 

It is clear from equation (38) that most of tne 
noise comes from the early stages of reception; in 
high-frequency radar sets, it comes from the crystal 
mixer and the first intermediate-frequency (i-f) 
stage. This means of course that noise picked up at 
later stages is much less amplified by the system 
than the noise from the early stages. 

In equipment specifications, the noise figure is 
usually expressed in the decibel scale as decibels 
above thermal noise. Actual noise figures vary from 
a few decibels above thermal noise in the very high- 
frequency [VHF] region (receivers built a few years 
ago often have appreciably higher noise figures) to 
larger values for microwave receivers. 


Sensitivity of Radar Receivers 


It is by no means true for radar receivers that 
Prin= Pao} 28 a matter of fact, Prin >>Pro. That 
is, the minimum discernible power considerably 
exceeds the noise level. 

The largest single additional loss in radar recep- 
tion is scanning loss which is related to the rotation 
of the antenna (one or several revolutions per 
minute). As an example, for one particular radar 
which has a bandwidth Af = 2 me, this loss is from 
10 db to 12 db. 

In case the antenna does not rotate, there is no 
scanning loss. This fact would seem to be of limited 
operational importance, since it would usually be 
necessary to locate the target (a plane, for example) 
by scanning. 

Another loss, closely connected with scanning 
loss, is sweep-speed loss. This loss is due to the fact 
that practical targets, such as airplanes, reflect 
rapidly varying amounts of power to the radar 
receiver, these amounts depending on the precise 
orientation of the target at the moment when the 
radar beam sweeps over it. Consequently, sweep- 
speed loss will depend on the speed of rotation of the 
antenna, on the distance of the target from the 
antenna, and, to some extent, on the beamwidth 
and the nature of the target. The overall figure 
for this loss on the same radar used to illustrate 
scanning loss is about 4 db for targets 200 miles 
from the radar. 

In addition to these losses, careful experiments 
with the radar used as an example above have 
indicated that there is an operator loss of about 
4 db for even experienced operators. This might be 
thought of as a loss due to the difference between 
laboratory and field conditions. 


Statistical consideration about the extent of noise 
fluctuation and about the fact that a target need 
not be seen on every sweep lead to further small 
losses which total, for the radar under discussion, 
2 db. : 

Summarizing for the case of the radar of the above 
example, the minimum detectable power is about 
34 db above kTAf or about 8 X 1071"* watt, not 
12 db above kTAf or 8 X 10°12* watt, as would be 
indicated from the noise level alone. This amounts 
to 22 db or a factor of 166; that is, the actual min- 
imum discernible power is 166 times that calculated 
‘rom noise alone. It will be seen in the results of 
the next section that the maximum range of a radar 
set varies with the inverse fourth root of the min- 
imum discernible power. Consequently, a calcula- 
tion of the maximum range of the radar of the 
example, which assumed that the minimum dis- 
cernible power was equal to the noise power, would 
give a range too great by a factor of 166 = 3.59. 
Since this would be a serious error, it shows the 
importance of a very careful consideration of radar 
receiver sensitivity in calculations of this type. 


RADAR CROSS SECTION AND GAIN 


Radar Cross Section 


The total scattering of a target may be described 
by the use of a parameter (having the dimensions 
of an area) called a scattering cross section. This 
concept has already been presented in subject mat- 
ter on page 338, where both scattering and absorp- 
tion cross sections of doublets were discussed. 

It should be noted in passing that the cross sections 
introduced here should not be confused with the 
radar cross section discussed before 

The scattering cross section S is defined by 


S = =, (39) 


where P, is the total power scattered by the target 
irrespective of its angular distribution and W; is 
the incident power per unit area. 

The scattering cross section S, which gives in- 
formation about the total scattered energy, is not 
directly useful in radar work because in such applica- 
tions one. is interested only in that fraction of the 
total scattered power which is scattered in the direc- 
tion of the radar; that is, one wants a parameter 
involving the scattered power per unit area at the 
receiver instead of the total scattered power. If 
the target is an isotropic scatterer, 


Ps 
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where W, is the scattered power per unit area at the 


netted 
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receiver, d the distance from the target to the 
receiver, and P, the totsl scattered power. This 
gives, using equation (39), 

S = 4rd? Ws (40) 

W; 

as a formula for the scattering cross section of an 
isotropic scatterer which involves scattered power 
per unit area at the receiver W, instead of total 
scattered power P,. 

For targets other than isotropic scatterers, how- 
ever, this procedure fails since one cannot say that 
W, = P,/4rd?. Nevertheless, it is useful to define a 
parameter o which is called the radar cross section, by 

7 

c= Anal 

’ 

in analogy with equation (40). Here W, is the actual 

power per unit area at the receiver. From the pre- 

ceding discussion it is apparent that o may be 

thought of as the scattering cross section which the 

target in question would have if it scattered as much 

energy in all directions as it actually does scatter 

in the direction of the radar receiver. For a target 

scattering isotropically, o = S, but for any other 
type of target o does not, in general, equal S. 

A radar gain formula analogous to the radio gain 
but applicable to two-way transmission can be de- 
veloped from equation (41) by replacing W, and W; 
witb the directly measurable: quantities P; (power 
output) and P» (received power). From equation 
(6), W; = E?/1207 in which £ is the field strength 
incident on the target. Substituting this value of # 
into equation (7) gives W; = 3P,/87d? for a doublet 
transmitter in free space. Including the gain of any 
type of transmitting antenna, this takes the form 


a 3PiGi 
8rd? 


Further, the power received by a doublet with a 
matched load, equation (17), may be written 


(41) 


(42) 


P, = — W,, (43) 
8a 
if #?/1207 is replaced by W,, where here FH is the 
field at the receiver. If the receiver is not a doublet, 
equation (43) may be replaced by 


pas 3n° 
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where (2 is the gain of the receiver. Substituting the 
values for W; and W,, given by equations (42) and 
(43), into equation (41) yields 


P; 2 
Bod (P(e (2) (45) 
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W,Gs (44) 


This is the radar gain for two-way transmission in 
free space. By means of it, ¢ may be measured, or if 
« and P;/P, are known, it may be used to calculate 


ranges. Generalizing equation (45) we have 


P, Heed: (2) E 
So eae ee ( S| net 46 
P, a cay (46) 


where A, is the path gain factor (see page 339). 

It may be observed here that some writers call 
oA,', not oc, the radar cross section. These writers 
call their c, for the case A, = 1 (free space), the free- 
space radar cross section oo. Since, in this volume, 
the complicated terms appearing in A, are treated 
separately and not as part of the cross section, this 
distinction is not made here. 

For some simple targets, « may be calculated. 
The following are a few of the values. 


Radar 
cross 
Targets Condition section ¢ 
Conducting sphere, radiusa | a >> ma? 
Metallic plate, area = ab a>>X,b >> | 470%b2/d2 
Cylinder, diameter = d, Axis of cylinder mdl?/X 
length =] parallel to field 
andd >>), 
l>>X 
Matched load doublet Oriented parallel 92/1677 
to field 
Shorted doublet (dummy) Oriented parallel 9)2/47r 
to field 


Objects of tactical interest (ships, airplanes) have 
very complicated radar cross sections. In particular, 
a strong dependence on the aspect of these unsym- 
metrical targets is observed. For ships the situation 
is still further complicated by the variability of the 
incident field over the target area. 

Some writers on the subject of targets use a 
characteristic length L (sometimes also called a 
scattering coefficient) which is related to « by 


o = 4rL?. (47) 


Radar Gain 


It is possible to write equations for two-way 
transmission which bear a formal resemblance to 
corresponding equations for one-way transmission by 
introducing a quantity Gp, called the gazn of the 
target. Gp is the gain of a target in the direction 
of the radar receiver relative to a shorted (dummy) 
doublet. 

By writing formulas connecting the radar gain 
with the power per square meter incident on the 
target and the power per square meter scattered 
back to the receiver, it is possible to establish a 
connection between radar gain and the radar cross 


section defined in the last paragraph, and from this 


to calculate a gain formula involving Gp instead of c. 
Applying equations (15) and (6), 


Ee ey (48) 
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for the case where the target is a shorted doublet. 
P, is the total scattered power and W; is the power 
per square meter incident on the target. For a 
target with a radar gain Gp it follows that 


2 
2, Ss Wes Cae (49) 
20 


In a similar way a formula for W,, the scattered 
power per unit area at the receiver, can be developed. 
A target which scattered equally in all directions 
would scatter an amount 


PJ, = 4r@W,. (50) 
But 


Pe 5 GaP, (51) 


where P, is the amount scattered by an actual 
target with gain Gp. [The factor 3/2 appears be- 
cause the gain of the target relative to an isotropic 
radiator is (3/2)Gp.] Hence 


4n@W, = > GaP. (52) 
Eliminating P, from equations (49) and (52), 
W, _ 9NGR (63) 
W; 167°d? 
Putting this value of W,/W; in equation (41), 
2 
= Ge, (54) 
4a 


which is the required general formula connecting 


target gain and radar cross section. It will be noted 
that the factor 9\?/47 is just the radar cross section 
of the shorted doublet. 

Inserting the value of o given by equation (54) 
into equation (45), 


PS ( 3X r 
= = 466.4? |} , 55 
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1 
which is the radar gain formula for free space in 
terms of the gain of the target relative to a dummy 
doublet. 

The reasonableness of the factor 4 in the above 
equation may be made apparent by the following 
analogy. Compare the doublet antenna with a 
generator whose internal resistance corresponds 
to the radiation resistance of the antenna. When the 
generator is shorted all the power is dissipated in 
the internal resistance. When the doublet is shorted 
all the power is reradiated. The maximum power 
that can be extracted from either the generator or 
the antenna occurs when the load resistance equals 
the internal generator, or antenna radiation, re- 
sistance. It is 14 the above short-circuit power. 
This is the 4 that occurs in the above equation. 

Equation (55), in the nonfree-space case, takes the 
form 


Pe (2) 
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where A, is the path gain factor defined by equation 
(20). 


Chapter 3 


ANTENNAS 


FUNDAMENTALS 
Function of Antennas 


TRANSMITTING ANTENNA converts the power 

delivered to it into electromagnetic radiation 
(neglecting losses); a receiving antenna abstracts 
power from an incident electromagnetic wave and 
delivers to the receiver that part which is not re- 
radiated or lost in the antenna. In the short and 
microwave region the power conversion is effected 
with a very small loss so that for most practical 
purposes the power loss inside the antenna may be 
disregarded. Apparent losses caused by reflection 
owing to mismatch between the antenna and its 
input circuit are of a different nature and are not 
included herein. 

For many purposes it is desirable to concentrate 
the power radiated into a beam of comparatively 
small angle as in this way the field strength in the 
preferred direction is enhanced. The gain of a 
directional antenna is defined by means of a com- 
parison of the given antenna radiation pattern with 
that of an electric doublet. 

The gain of an antenna is the ratio of power that 
must be supplied to a doublet to the power that must 
be supplied to the antenna considered in order that, 
at a given large distance, the electric field at the 
maximum of the antenna pattern is equal to the 
field at the same distance in the equatorial plane of 
the doublet. From the reciprocity principle it is 
found that the gain of a receiving antenna is equal 
to the gain of the same antenna used as a transmitter. 
A discussion of antenna gain and reciprocity is given 
in Chapter 2, p-339- 


Directive Antennas 


Polar plots of antenna radiation patterns are of 
two kinds: either the relative magnitude of the 
Poynting vector (power per unit area) is plotted 
along the radius vector, or the relative magnitude of 
the radiation electric field strength is plotted in the 
same way. Usually the value of the radius vector at 
the maximum ot the pattern is taken equal to unity. 
The Poynting vector plot is obtained from the field 
strength plot by squaring the radial distances 
(Figure 1). 

If an antenna system is designed so that most of its 
power is concentrated into a comparatively small 
cone, the corresponding part of the radiation pattern 
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is called the main lobe. Commonly there are a num- 
ber of secondary maxima (side lobes) much smaller 
than the main lobe. The width of the main lobe is 
measured by the angle between half-power points. 
Half-power points are those points in the polar 
diagram of the antenna pattern where the power 
per unit area is equal to one-half that at the maxi- 
mum, the field strength being 1/ V2 = 0.707 times 
that at the maximum. This angle is also referred 
to as the beam width. The beam width varies from a 
degree or less for some specialized radar antennas to 
very large angles such as 50 to 60 degrees, depending 
on the design and purpose of the antenna. The 
larger the beam width the smaller the gain. 

It should be noted that an antenna radiation 
pattern may have high directivity with respect to 
one plane going through the antenna and little or 
no directivity in another plane Thus a doublet 
antenna (for definition see texton p-336)is directive 
in a plane which contains the antenna itself but is 
nondirective in the equatorial plane perpendicular 
to the antenna (see Figure 11). 


Figure 1. 


Antenna radiation patterns. 


Antenna Pattern Factors 
in Ground Reflection 


With highly directive antennas the magnitude 
of the direct wave may differ appreciably from that 
of the ground-reflected wave owing to their differ- 
ence in angle of emergence from the antenna (Fig- 
ure 2). This must be taken into account by using the 
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Figure 2. Antenna pattern factors: 
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antenna pattern factors F, and F2 in computing the 
interference pattern above the line of sight. This 
subject. is dealt with on pages 384-385. 


Standing-Wave Antennas 


An important class of antennas is that in which 
standing waves of the currents and the voltages are 
set up. In a transmitting antenna of this type, for 
instance, a progressive or traveling wave is supplied 
from the connected source of power. This is re- 
flected from the end of the antenna and the inter- 
action of the two sets of waves moving in opposite 
directions results in a standing-wave system. 

In this event the current amplitude is zero at the 
ends of the antenna and assumes differing vaiues 
at the other positions on the antenna. The dis- 
tribution of current amplitudes is usually assumed 
to vary sinusoidally with the distance from the end 
of the antenna. This is a good approximation where 
the diameter of the antenna wire is small compared 
with the length, but may be seriously in error for 
thick-dbire antennas. 

The simplest, and one of the most commonly 
used, standing-wave antennas is the half-wave 
dipole antenna, discussedon pages. 34!7-'349 


Resonant Antennas 


Many antennas are operated at or near resonance, 
which means that the reactive component of their 
impedance vanishes or is very small. 

Two types of resonant antenna may be dis- 
tinguished: either (1) the radiating element as a 
whole is resonant, as in the case of the half-wave 
dipole, shortened the right amount; or (2) the an- 
tenna system is made resonant by adding suitable 
reactive components to the radiative elements. To 
illustrate, the center-fed half-wave dipole of exactly 
half-wavelength, assuming sine distribution of cur- 
rent, has an inductive reactance;-it- may be made 
resonant by the addition in series of a capacitive 
reactance. This is known as antenna loading and is 
common at the longer wavelengths where half-wave 
dipoles would be too cumbersome. Another example 
is that of a dipole radiator shorter than the half- 
wave dipole and having the form.of a metallic tube; 
this is combined with a tunable cavity resonator 
inside the tube that acts as a shunt impedance, the 
whole system being tuned to resonance (Figure 3). 
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Ficure 3. Antenna tuned to resonance by a shunt 
impedance. 


Although the actual antenna impedance is made 
up in a complicated way of distributed capacitances 
and inductances, the input impedance of the simpler 
types of antennas for a limited frequency band 
containing the resonance frequency is essentially 
that of an ordinary series resonant circuit [the resist- 
ance at resonance being essentially the radiation 
resistance of the antenna (see text below )]. The 
input impedance of certain other antennas is essen- 
tially that of parallel-resonant circuits with very 
large shunt resistances at resonance (see text on 
p- 347).For illustration, see Figure 6. 


Traveling-Wave Antennas 


In this type of antenna there is no standing-wave 
system set up since the progressive or traveling 
wave of current fed into the antenna is absorbed, 
without reflection, by a terminal resistance placed 
at the end of the antenna, which is equal to the 
characteristic impedance of the antenna regarded 
as a transmission line. Such antennas are necessarily 
nonresonant. 

The traveling-wave antenna radiates most strongly 
in the general direction of the wave motion. The 
major lobe makes an angle a < 90 degrees with this 
direction as indicated in Figure 20. Here we have a 
long-wire antenna with the input at the left and the 
characteristic impedance (resistance) at the right. 

A traveling-wave V antenna uses two of these 
elements (see text on p 353) and a rhombic is com- 
posed of four elements (see text on p 354), with the 
elements arranged at angles which produce maximum 
directivity of the combinations. 

Antennas of the nonresonant or traveling-wave 
types are used both for longer and for very short 
waves. (However, there is an intermediate fre- 
quency region extending from about 100 to 3,000 me 
where the half-wave dipole is of such convenient 
size that standing-wave dipoles or dipole arrays are 
most frequently employed.) 

In the microwave band where transmission is 
effected by wave guides it is possible to terminate a 
wave guide with a horn which “matches the imped- 
ance of the wave guide to that of free space” and 
acts as a directive antenna (seepage 363). A slot 
or a series of slots in the side of a wave guide may 
also act as an antenna at these frequencies. 


Radiation Resistance 


The radiation resistance R, of an antenna is the 
ratio P, of the total power radiated in all directions 
to the square of the current at the point of measure- 
ment. The power may be computed by integrating 
the radial component of the Poynting vector over a 
spherical surface surrounding the antenna. Then 
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if I; is the effective value of the input current, 


Bi 
Rk, =—. 1 
a (l) 
The radiation resistance of the doublet antenna is 
stated in equation (9) in Chapter 2 to be 


R, = sox (2) ohms. (2) 


Influence of Near-by 
Conducting Bodies 


The impedance of an antenna is affected by the 
presence of conductors in the vicinity and depends 
upon the mutual impedances between the conductors 
and the antenna. The mutual impedance decreases 
with increasing distance so that for conducting 
bodies of comparable size the effect is negligible for 
distances greater than, perhaps, 2 to 3 wavelengths. 

But for conductors set less than a wavelength 
apart, such as an antenna and reflector (or director) 
combination or as antenna arrays, the mutual 
effect plays an important role and modifies the 
input impedance of the antenna. 

For an antenna set near a large conducting body, 
such as a large metallic sheet or the earth, the mutual 
effect is cared for in a different way. If the earth, for 
instance, is assumed plane and perfectly conducting, 
its effect is the same as that of the mirror image 
of the antenna in the ground. As shown in Figure 4, 
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Figure 4. Method of images. 


the image of a vertical antenna is a similar antenna 
with current in the same direction, while the current 
is reversed for a horizontal antenna. The radiation 
field at any point above ground is obtained by 
summing the radiation fields of antenna and image. 


STANDING-WAVE ANTENNAS 


Linear Antennas 


A linear antenna is a straight thin rod supplied 
with alternating current. According to whether the 
connection to the antenna is made at the middle or 
at the end, center-fed and end-fed antennas are 
distinguished. Center-fed linear antennas are also 
called dipole antennas. 

Typical current amplitude distributions are illus- 
trated in Figure 5. The amplitude is always zero 
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Ficure 5. Distribution of current amplitudes with 
linear antennas. 


at the open end while the amount at the input point 
depends on the position of the input connection. For 
thin wires, compared with the length, the distribu- 
tion of amplitudes is approximately sinusoidal. 


Half-Wave Antennas 


Figure 6 illustrates two types of half-wave dipole 
or center-fed antennas and one end-fed antenna, 
together with their lumped-circuit analogues. The 
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Figure 6. Three methods of exciting half-wave an- 
tennas and their analogues in lumped-constant resonant 
circuits. : 


SERIES RESONANCE PARALLEL RESONANCE 


input current required varies with the position of 
the input point. The voltage distribution in general 
has a maximum at the points of current zero and 
has a minimum where the current is maximum. 


Half-Wave Dipole 


The half-wave dipole, shown in A and B of 
Figure 6 and in Figure 7, is the type most frequently 
used in the 100 to 3,000 me range. In this range the 
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length d/2 lies between 1.5 and 0.05 meters. In this 
section it is assumed that the current distribution 
is sinusoidal. 

1. Radiation field. The radiation field at point P, 
Figure 7, where d >> \, is obtained by dividing 
the half-wave current distribution into an infinite 


Ficure 7. Half-wave dipole. 


number of infinitesimal doublets, using equation (2) 
in Chapter 2 and taking into account the differences 
in phase at P introduced by the differences in the 
distances which the radiation from the various 
doublets must travel. Thc net result, using d in 
place of r, is 


ap) OF povsil G/2)eteost9)| 


E, : volts per meter, (3) 
d sin 6 
ll, = sue amperes per meter. (4) 
1207 


The normal part of the field, H, (difference), pre- 
scribes the antenna pattern factor (measured in 
relative field strength) and is plotted in Figure 11. 
The corresponding pattern for a doublet is H, ~ sin 8, 
which is a circle in polar coordinates. These patterns 
are circularly symmetric about the antenna axis. 
Squaring the radial lengths in the above patterns 
gives the pattern in terms of relative power.per unit 
area in the same angular direction. 

The radial component of radiated power per square 
meter (Poynting’s vector) is given by 


wv 2 
cos € cos 6 ) 
EP _ 301; 2 (5) 
1207 ma? sin 0 
watts per square meter. 


W, = EoH, = 


In the equatorial plane, 


Ey = os (6) 


2. Gain of half-wave dipole. The gain of the dipole 
relative to a doublet is the ratio of the power supplied 
to the doublet to the power supplied to the dipole to 
produce the same field strength at the same distance 


in the direction of maximum radiation (here the 
equatorial plane, 9 = 90 degrees). 

For equal maximum fields, comparing equations 
(3) in Chapter 2 and (6) in this chapter, 


I Idl = *h. (7) 


The power per unit area for the doublet, using 
equation (3), in Chapter 2, is 
EP _ 3017 sin? 6 
1207 ad? 
and for the dipole the power per unit area is given 
by equation (5). 
The dipole gain is then 


) (8) 


Ww doublet = 


hs i Waoubier dA _ Power radiated by doublet 
a Power radiated by dipole 
Waipole dA 


where the integration is carried out over spheres 
surrounding the antennas. Carrying out this opera- 
tion, 
Gaipole = 1.09 (or 0.4 db) . (9) 
3. Radiation Resistance. The radiation resistance 
of the half-wave dipole is 


ra 2 i WeipoedA = 73.1ohms. (10) 


4. Impedance of an Infinitely Thin Dipole. The 
formulas given here are valid only for a half-wave 


Ez 


CYLINDRICAL COORDINATES 
Figure 8. Half-wave dipole field components. 


dipole composed of wire of vanishing thickness. 
For wire of finite dimensions, see pages 351- 353. 

Here (type A in Figure 6) it is necessary to caleu- 
late the voltage V; required at the input to establish 
a current distribution J; cos [(27/\)z], as shown in 
Figure 8. To do this, the total field of the dipole 
must be known, including the induction field which is 
significantly large at short distances as well as the 
radiation field. In cylindrical coordinates, the total 
field is given by 


E, = + j301; a Ce) pene 5), 
Ue br 


(11) 


= 
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-;(2% (xb 
B= — pon eG) 4h GT, (12) 
a b 
Hy = -j2 [EO EE GD], (13) 
4n Lr r 


By the reciprocity theorem a small current length 
I,dz = I; cos [(21/d)z]- dz induces a voltage (— dV;) 
at the input point which is equal to the voltage 
dV, = E,dz induced in dz by a small current length 
T,dz taken at the input point. Hence 


E,dz _ — dV; 


Tele TI; cos (= :) - dz 


and the total input voltage is 


z=A/4 
Vz= i ~ 8, cs (2%). de. 
z=0 Xr 


Carrying out the operation indicated and dividing 
by I; gives the impedance of the half-wave dipole as 


Z = 73.1 + 742.5 ohms. (14) 


The dipole thus has an inductive reactance of 42.5 
ohms if a sine distribution of current amplitudes is 
assumed. 

The reactance can be altered by changing the 
length of the wire. Increasing the length increases 
the inductance; decreasing the length decreases the 
inductance, first to zero for resonance, and then 
for still shorter lengths to a capacitive reactance. 
Changes in length of only 4 to 5 per cent will pro- 
duce large changes in the reactance. 


Modifications of the 
Half-Wave Dipole 


Two modifications will be given. 
1. Quarter-wave dipole with artificial ground. A 
convenient device for doubling the effective length 


DOUBLET 
(CIRCLE) 


of a dipole is to use an artificial ground plane. It 
usually takes the form of a number of grounded 
rods spreading radially from the base of the antenna 
(Figure 9). If the antenna is a quarter-wave dipole 
the effect of the artificial ground is to produce an 
image quarter-wave dipole; the radiation resistance 
and the radiation pattern of the system are those of a 
half-wave dipole. 


Fieure 9. Quarter-wave dipole with artificial ground. 


2. Folded dipole. Another variant of the dipole 
antenna is the folded dipole, shown in Figure 10. 
It is essentially a center-fed half-wave dipole with a 
parasitic counterpart “dummy” (see page 360 ) 
in its immediate neighborhood and connected to the 
latter at the ends of the dipole. The induced current 
in the dummy has the same distribution as, and is in 
phase with, that of the primary dipole. Hence the 
radiation pattern is essentially that of a simple half- 
wave dipole. The radiation resistance is four times 
that of the ordinary dipole. 


! 


iN PUT 
Ficurt 10. Folded dipole. 
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Figure 11. Antenna radiation patterns (relative field strength). 
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Multiple Half-Wave 
Long Antennas 


For an antenna of length equal to an integral 
number, 7, of half wavelengths, the radiation field is 
given by: 


1. nis odd: 
cos (2 cos a) (15) 
ja id GOT, ANON? 
d sin 0 
2. nis even: 
sin (Z cos °) (16) 
Ey = 601; 2 /) 
d sin 0 


where d is the radial distance te a field point and 
I; is the input current af the center of one of the 
half-wave elements. 

The radiation patterns are illustrated in Figure 11 
for the doublet, n = 1 (the half-wave dipole), and 
n=2,3,4. 

The radiation resistance, both for integral and 
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nonintegral numbers of half wavelengths, is plotted 
in Figure 12. 


20 0 «3.0 40 
LENGTH OF WIRE IN WAVELENGTHS 
Ficure 12. Radiation resistance for linear antennas. 


In Table 1 the radiation resistances and the power 
gains for integral half-wavelength antennas are 
listed. 


Cophased Half-Wave Dipoles 


The directivity and gain of linear antennas may be 
increased considerably by the suppression of alter- 
nate current loops, leaving therefore only loops in 
which the currents are all cophased. The suppressed 
loops are contained in either (1) quarter-wave stubs 


TasiE 1. Comparison of alternate and cophased half-wave dipoles. 


Rn 


Em,n 


Radiation Relative major lobe amplitudes 3 Gn 
n resistance-ohms for same current input Gain (power) 
Half 
waves Alternate Cophased Alternate Cophased Alternate Cophased 
currents currents currents currents currents currents 
it 73.1 73.1 1.0 1 1.09 * 1.09 
2 93 199 1.23 2 1.19 1.47 
3 105 317 1.38 3 1.32 2.09 
4 113 439 1.5 4 1.46 2.67 
5 121 560 1.62 5 1,58 3.26 
G, = Rdoublet (- covet _ doublet ( Em,n y : 
a ae a T, Ry \Z doublet 


Fiaure 13. Cophased half-wave dipoles. 
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Ficure 14. Cophased half-wave dipoles (relative fields). 


or (2) short inductive elements, as indicated in 
Figure 13. The suppressed loops are practically 
nonradiative. 

The radiation field at distance d is the vector sum 
of the fields from the n half-wave elements. The 
contribution from each element lags that of the next 
element above by an angle 


a= > cos 6- = = 7 cos @ radians, (17) 


determined by the extra distance [(A/2) cos 6] 
which it must travel. The radiation field is then 
equal to the radiation field of one half-wave element 
(as a function of angle @) multiplied by the vector 
resultant for the n elements. Thus 


ats 
601, cos gq 6088 


DS a sin 8 
[e? + eit 4 oa eeteete eXtra] 
us | Na (18) 
601, cos ( 2 cos a) sin 5) 
=F) . 5 a i 
d sin 0 sin 2 


REACTANCE IN OHMS 


The radiation patterns for various values of n are 
plotted in Figure 14. Table 1 gives the radiation 
resistances, relative lengths of major lobes, and the 
gains, with comparative figures for the doublet and 
the multi-half-wave antennas discussed on page 350. 


Effects of Finite Diameter 
on Center-Fed Linear Antennas 


Figure 15 shows the input reactance, and Figure 16 
the input resistance of a center-fed antenna of 
arbitrary length. The input impedance is a series 
combination of the two components. The important 
regions of the curves correspond to antenna. half- 
lengths near \/4 and near \/2. The former repre- 
sents a center-fed half-wave antenna, whereas the 
latter represents a pair of end-fed half-wave antennas 
excited in phase. The half-length of the antenna was 
used in plotting, because in these terms the reactance 
curves resemble those for an open-ended trans- 
mission line. 

In the regions of principal interest the reactance 
curves are nearly straight lines whose slopes depend 
on the diameter of the antennas expressed in wave- 
lengths. The slopes of the reactance curves decrease 
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Ficure 15. Reactance at input of a center-fed antenna of arbitrary length. 
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Figure 16. Resistance at input of a center-fed antenna of arbitrary length. 


as the antenna diameter increases. This feature is 
important in radar antennas which need to be in- 
sensitive to small changes in frequency. The curves 
show that antennas of large diameter present less 
than a specified amount of reactance, say one ohm, 
over a greater range of antenna length than slender 
antennas do. In terms of frequency, this means 
that a given length of antenna has less than one-ohm 
reactance over a wider range of frequency when the 
antenna has a large diameter than when it has a 
small diameter. Radar antennas are commonly 
made of tubing and frequently have diameters in 
excess of 4/20. 

Figure 16 shows that the input resistance also 
depends on antenna diameter. This dependence is 
more pronounced when the half-length is about \/2 
than when the half-length approximates 4/4, as it 
does for a single center-fed antenna. The values for 
an antenna whose half-length is \/4 is not readable 
on the curve, but the component representing radia- 
tion ranges from 73 ohms for infinitely thin antennas, 
through 64 ohms for a diameter of 0.0001 , 55 ohms 
for a diameter of 0.01 \, to less than 50 ohms for 
certain large-diameter radar antennas. The change 
is mainly due to a decrease in the resonant length of 
the thicker antennas. 

A feature of Figure 15 which is not easily readable 
is that the lengths at which the reactance is zero are 
less than 4/2 and \. The amount by which an an- 
tenna, with zero reactance is shorter than these 
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Wrq@urE 17. Non-cylindrical half-wave antenna. 


lengths depends on the antenna diameter. For very 
slender antennas the shortening is slight, but for 
large-diameter antennas or for special shapes as 
shown in Figure 17, a resonant length may be as 
much as 20 per cent shorter than \/2. Special shapes, 
such as the one shown in Figure 17, have the ad- 
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Ficure 18. Standing-wave V antenna (@= 36° 
for n = 4 half-wavelengths). 
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n=16, a=!I7-S 
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FicureE 19. Power distribution for standing-wave V antenna. (Courtesy of IRE ) 


vantage of being insensitive to small changes in 
frequency and at the same time are not so subject to 
corona (breakdown of the air because of large poten- 
tial gradients) as slender antennas are. 


Standing-Wave V Antennas 

This type of antenna (Figure 18) utilizes the 
directive properties of the multi-half-wave antenna. 
Two such elements are combined in a V arrange- 
ment so that the major lobe of each (at angle @ with 
each element) is parallel to the axis of the V. By 
feeding the two halves of the V with currents 
180 degrees out of phase the lobe structure is reversed 
to produce maxima, forward and backward, along 
the axial direction, while the field in the plane 
perpendicular to the axis is greatly reduced. The 
value for angle a is equal to the angle between each 
element and its maximum lobe (see Figure 11). 
Figure 19 gives the (power) radiation pattern for 
n = 16 half-wavelengths. 

The directivity of this antenna system may be 
improved by adding one or more reflectors (see 
text on p.358) The reflector is a V antenna of 
identical type. The legs of the reflector are placed 
parallel to those of the primary V and lie in the same 
plane as the original V. The reflector is set approxi- 
mately \/4 behind the primary V. 


TRAVELING-WAVE ANTENNAS 
Field and Pattern 
A traveling-wave antenna is one in which only 


progressive (or traveling) waves are allowed. Re- 
flected waves are eliminated by terminating the end 


opposite the input point in the characteristic imped- 
ance. See Figure 20. 

The equation of the radiation field, neglecting 
wire losses, is 


607; sin 6 
d 1—cosé 


Ep = in [= (1 — cose) | . (19) 


The major lobes given by this equation are plotted 
in Figure 21, and the major lobe angles with the 
wire 0, are plotted in Figure 22. Angle 0,,, it will be 
noted, decreases with increasing wire length. 


Traveling-Wave V Antenna 


As in the case of the standing-wave antenna a 
pair of lines arranged at a suitable angle with each 
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Ficure 20. Lobe structure for Z = 2) traveling-wave 
antenna in free space. 


other, and carrying traveling waves, can be made to 
produce a directional pattern with fairly high gain. 
The traveling-wave V antenna can be designed 
so that the plane of the V is horizontal and the 
maximum lies in the direction of the axis of sym- 
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Figure 21. Major lobes (relative field strength) for traveling-wave antenna. 


metry, as in Figure 18. In this case the radiation is 
horizontally polarized. It can also be used as an 
inverted V in a vertical plane with the point of the 
V directed upwards; the radiation is then vertically 
polarized. This antenna, also called a semi-rhombic, 
is represented by the upper half of Figure 20. 
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Ficure 22. Angles for major lobes for traveling-wave 
antenna. ; 


Rhombic Antenna 


This type of antenna is based on the same prin- 
ciple as the traveling-wave V antenna. The rhombic 
antenna consists of four wires arranged in the form 
of a rhomboid or diamond (Figure 23). The reflec- 
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Ficure 23. Rhombic antenna. 


tionless termination of the wires is achieved by 
connecting the two wires at the end opposite the 
input to a resistance equal to their characteristic 
impedance. 

As in the case of the V antenna, the rhombic 
antenna can be used both horizontally and vertically; 
at the longer waves the horizontal arrangement is 
usually more practical. The optimum tilt angle of 
the rhombic (angle @ of Figure 23) is not very 
critical provided the legs are not less than two wave- 
lengths long. The radiation pattern is not very 
sensitive to frequency and the rhombic antenna can 
therefore be used over a fairly wide frequency range 
(of the order of 2 to 1). Rhombic antennas have 
appreciably higher gains than V antennas. 

The field in the axial direction is equal to 

= NOt _ 08 bs iE ee | 
Ergxial d = mae d el sin i) 2 (20) 

Effect of Perfectly Conducting Ground. If the 
rhombic is placed in a horizontal plane,- height H 
above ground, the effect of the image rhombic 
must also be considered. The net result is that the 
direction of the resultant lobe maximum is tilted 
up by an angle e. It can be shown that, for a given 
angle « and wavelength d, to point the major lobe 
at vertical angle « the following relations for H, 
L, and ¢ must hold: 


gs 
4 sine 
we Bes 
sin? ¢€ 
@ = 90° —.« 
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Figure 24 illustrates the radiation. pattern. (relative parallel to each and perpendicular to the line. With 

field strength) for a particular case. the currents adjusted all in phase, the maximum 
radiation is broadside to the plane of the elements. 

ANGLE IN DEGREES 2. End-fire array. The geometric arrangement is 

90 70 50 40 30 20 the same as in the broadside array, but through 


6 appropriate phasing of the currents in the elements 
the maximum radiation can be directed primarily 
along the line joining the centers. 

3. Colinear array. Here the axes of the antenna 
elements are arranged along the line of centers with 
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aes BS ‘ the currents all in phase. The radiation is a max- 
1 2 3 $+72.5° imum in the equatorial plane perpendicular to the 
ANGLE IN DEGREES « =17,5° 


line of centers. 
20 To illustrate the principles most simply, two half- 
ie wave dipole elements are considered first, and later 
ELEVATION . . 
extension is made to arrays composed of a larger 
number of elements. 
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Two-Dipole Side-by-Side Array 
Figure 24. Rhombic antenna above ground (relative 


field strength). (Courtesy of Bell System Technical Two half-wave dipoles are placed side by side with 
Journal.) spacing s and the currents J; and J; are equal but 
differ in phase by angle p (see Figure 25). If J, lags 
I, by time angle y, the field of the second element 
at P lags that of the first by angle a where a is 
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Principle of Arrays 


H 
¢ eone™ 


An antenna array is a combination of several 
antennas, usually of equal strength and equally 
spaced in any one given direction. One-, two-, and 
three-dimensional arrays may be distinguished. The 
spacings in different directions may be different for 
two- or three-dimensional arrays. The use of arrays 
permits great increases in the amount of power 
radiated, in directivity, and gain. 

Although the most common array element is a 
half-wave dipole, the elements of an array may be 2 eer Ve ALE NAUNSO SSN Ms eR LD 
radiators of any type; in particular, the elements prauull EQUATORIAL PLANE, 9= 7/2 
may themselves be arrays. In this way it is possible 
to interpret a two-dimensional array as an array of 
arrays. A vertical curtain may be considered either 
as a horizontal array of elements which, themselves, 
are vertical, or it may be considered a vertical array 


Figure 25. Two dipole side-by-side array. 


composed of y and the time delay caused by the 
extra distance traveled, (27/))s cos @ sin 6, 


of elements which, themselves, are honizontal arrays; a = + (27/)) scos@ sin 8. (21) 
similarly for three-dimensional arrays. 

In most arrays the elements radiate very nearly For equal currents, I; = I, = J, the field is equal 
equal power, but in the binomial array the elements, to 


although identical in structure, differ in the amount 


of power radiated because of differing current dis- [ | [eas G ee s) | 
tributions. In most arrays there is a constant phase Bs GOT) 6 + 7 2 A 
shift (which might be zero) between adjacent ele- i d [ sin 6 | 
ments. By suitable phasing a great variety of an- i 
tenna patterns can be produced. sin a cos{ =cos 6 
ie cor| eu on ( peo) | : (22) 
h Basic Types of Dipole Arrays [ sin sin 6 


i) There are three basic types of dipole arrays. 
4 1. Broadside array. The centers of the elements The first bracket gives the directional characteristic 
are arranged in a line, with the axes of the elements of an array of two elements, while the second bracket 
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gives the directional characteristic of the element The field is circularly symmetrical about the axis. 
itself. Its variation with 6 is plotted in Figure 28. This is, 
of course, equivalent to a vertical antenna with 


a> Ses ASS AB : 
if x Z Z \ center height at distance s/2 above a perfectly 
tl Ip o><el, ! = OF \ conducting flat earth. 
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Figure 26. Radiation patterns (field strength) for two 
dipole side-by-side array. 


Three special cases are particularly to be noted. 
The field patterns for the equatorial plane (@ = 90°) 
and | I, | = | I: | are plotted in Figure 26. 

1. Broadside. Here s = d/2, the currents are in 
phase (y = 0°). The maximum field is broadside and 
twice that of each dipole. 

2. End-fire. Again s = \/2, but the currents are 
out of phase (y = 180°). The maximum field is 
found in both directions along the line of centers. 

3. Unidirectional couplet. Here s = /4 and Ip 
lags I, by y = 90°. The result of this combination 
is to produce a maximum field along the line of 
centers in the direction looking from the leading to 
the lagging current and zero field in the reverse 
direction. 


iy 
THe 


Two-Dipole K \ SP, ° 
Colinear Array QDS 75 
Zum e 
For two equal currents in time phase (see Figure 2.0 1.0 fo) 1.0 2.0 
27), the field is equal to s=(3/2)d 
Tv ° 
cos (> cos 6 sin a Oo 1S 6 
ig | : o Gy ||? ) Waligh 5 
sin 6 sin = 
2 
where 
2 
a= —scos#. (24) 
nN 
et s=2a 
ee Figure 28. Two half-wave dipole colinear array. 
One-Dimensional Array 
: Two geometrical arrangements will be considered. 
h 1. Broadside. Consider n elements with equal co- 
imuess phased currents equally spaced (see Figure 29). 
s Ce EQUATORIAL PLANE sin > 
er Bak ees Eo= Ea (6, ?) ; (25) 
(ime NO sin — 
ry \s cos@ 2 


where 


a= = S$ cos g. (26) 


Figure 27. Two half-wave dinole colinear array. 
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with angle @ measured from the dipole axis. See also 
equation (15) and Figure 11 (for n = 1). 

In the vertical plane, the beam is much narrower. 
If @ is the angle from the vertical and B = 90° — @ 
is the angle from the (horizontal) broadside direc- 
tion, the field in the vertical plane (6 = 90°) is given 


Spacing 
n infinitely 
I I PLAN VIEW close 
le 
Figure 29. Broadside array, elements perpendicular 
to paper. 4 N 
Spacing = — 
2 
elements 
n=5 
Spa cing=4 
5 elements 
n=9 
n=l3 
n=|7 
Spacing = A 
4 elements 
Figure 30A. Effect of array length for broadside with 
element spacing s=}/2. (From Radio Engineers’ c 
Handbook by Terman.) GC) 
° 
For center-fed half-wave dipoles, from equation (3) a 
= a 
ae, 601 cos ( 5) cos a) om < 
d sin 0 , Figure 30B. Effect of element spacing for broadside 
for array length L =3A. (From Radio Engineers’ 
The patterns for the equatorial plane are illustrated Handbook by Terman.) 
in Figures 380A and 30B. Figure 30A shows the in- 
crease in directivity with increasing number of 40 
elements. Figure 30B illustrates the effect of element xX) PPT ttt TY 
spacing on*the production of side lobes. Figure 31 = 8 35/5 | 
gives the gain for various spacings and array lengths. E 5 20 r-Element HH 
From this it appears that s = 5\/8 is approximately @s spacing} _ oo 
the optimum spacing. panes SEBBEEES’/4 
2. Broadside: pattern factor and beam width. For oo ane 
‘ : 3 oa 
illustration, suppose that the antenna consists of a a 
vertical array of m horizontal center-fed dipoles $3 
spaced s apart with all fed in phase to give a broad- iY ° v. 
side beam strongly directive in the vertical plane. om 5 v2 
For this arrangement the field strength in the ou 4a 
horizontal plane is given by m times equation (27), % 2 4 6 B 10 l2 14 16 
that is, Array Length In Wave Lengths 
cos ( cos a) Figure 31. Gain for broadside array of doublets as a 
Ehorizontal = m 601 2 (28) function of array length and spacing. (From Radio 


d sin 6 Engineers’ Handbook by Terman.) 
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by 


E vertical = GOL, 2 (29) 


with 
20 27 , 
= —scos@ = — ssinB. 
mime Paria 


The maximum value of equation (29), corresponding 
to @ = 90° and B = 0°, is equal to 


Evnax Sema (30) 


The relative field strength is then 


a ee 
Evertical Sin 2 
Emax is a j (31) 
m sin — 
2 


The beam width in the vertical plane is determined 
by the angle between the half-power points, or the 
angle between the points where the field strength is 
0.707 of the maximum. Thus, equation (81) is set 
equal to 0.707 and 6 determined. The beam width is 
equal to 28°. 

To illustrate, let s = 4/2. For m = 2,3,4,8;12,16 
dipoles in the array, the corresponding beam widths 
are 60°, 36.4°, 26.4°, 12.8°, 8.5° and 6.3°. A few field 
patterns are illustrated in Figure 30A and gains are 
shown in Figure 31. 

3. Colinear array (see Figure 32). 
cophased currents, equally spaced, 


For n equal 


- na 
STs 
Ey = Le (6, ¢) ) (82) 
Pie: 
sin 2 
where 
2a 
a= yp OCG (83) 


Figure 32. Cophased colinear half-wave dipoles. 


For center-fed half-wave dipoles, from equation (3), 


Tw 
cos ( cos a) 
pe a COL SAENZ (34) 
d sin 0 


The patterns for various array lengths and spacings 
are given in Figure 33. 

If s = d/2, equation (32) for half-wave dipoles 
reduces to equation (18). 
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Figure 33. Cophased colinear half-wave dipoles. (From 
Radio Engineers: Handbook by Terman. ) 


Unidirectional Broadside 
and Colinear Arrays 


If-an array is backed up with a similar array, the 
latter may serve to concentrate the radiation in one 
direction, provided the currents in the arrays are 
properly adjusted in magnitude and phase. Patterns 
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for the unidirectional broadside and colinear arrays 
are given in Figure 34. 

The broadside array is a collection of unidirec- 
tional couplets of the type illustrated in Figure 26. 
Increasing the number of couplets n appreciably 
narrows the beam width. 

A similar improvement is obtained in the colinear 
combination. 


| 
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Fi@ure 34. Unidirectional broadside and colinear array. 


Multidimensional Arrays 


Enough has already been given to show that itis 
not difficult to extend the principles of summation 
of fields from elements to cover two- and three- 
dimensional arrays. 


Binomial Arrays 


Most array patterns show, in addition to the main 
maximum, secondary maxima (side lobes) which are 
inconvenient in radar work. Side lobes are practi- 
cally eliminated in the binomial array. 

Consider first a two-element half-wave dipole 
broadside array with equal cophased currents and 
elements spaced a half wavelength apart. See equa- 
tions (21) and (22). Theny = 0, s = X/2, a = rcos¢. 


Then with 
601 coe( Fens a) 
139 (OY SS Se ES 
NO ere rer 5) 


E = By (e? + e7*). 


This gives the broadside field in Figure 26 which has 
only two.equal major lobes. There are no side lobes. 
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Now consider the equation 
E = By (+ ¢*)?, 
= Ey (1 + 2e + 16). 


(36) 


This represents three half-wave dipoles in broadside, 
spacing s = \/2, currents in phase but with relative 
magnitudes 1 :2:1. The pattern has no side lobes. 
Again, for five similar dipoles, 
E = Ey (e” + e**) ; (37) 
= Ey (1+ 46% + 66 + 46% 4 6-742), 
Here the cophased current magnitudes are 1:4: 
6 : 4:1, and there are no side lobes. 
The scheme is to follow the pattern of binomial 
coefficients in adjusting the relative current values. 
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Tach number is the sum of the two immediately 
above. 


Ring Arrays 


A set of radiating elements can be arranged on the 
perimeter of a circle with equal angular distances and 
equal phase shift between the elements; the diameter 
of the ring must be properly chosen; the resulting 
radiation pattern can be made very nearly uniform, 
1.e., circular, in the plane of the ring, while the 


Figure 35. Ring array. 


directivity of the pattern obtained in a plane per- 
pendicular to that of the ring is increased compared 
to that of the single element. 

If a number of such rings are stacked on top of each 
other with a common vertical axis, a linear array is 
formed whose elements are the rings. A radiation 
pattern is thus produced that has pronounced direc- 
tivity in elevation while it is nearly uniform in 
azimuth. This is often used in micro wave beacons. 
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The most common form of the ring antenna is the 
triple dipole shown in Figure 35. The elements are 
three half-wave dipoles spaced 120 degrees apart. 


PARASITIC REFLECTORS 
AND DIRECTORS 


Parasitic Antennas 


A parasitic antenna or “dummy” is an antenna 
which is not connected to the antenna input termi- 
nals; if placed in the vicinity of a driven antenna a 
current is induced in the former which modifies the 
radiation field. Parasitic antennas provide a simple 
means of producing a moderate increase of directiv- 
ity. Depending on the relative phase of the currents 
in the two antennas, the maximum of the radiation 
pattern either is found in the direction of the parasite 
and the latter is then called a director; or it is found 
in the direction of the primary element and the para- 
site is then called a reflector. In order to obtain good 
directive action the two dipoles must be close to- 
gether, that is, a fraction of a wavelength. 


Half-Wave Dipole and Parasite 


The geometrical arrangement corresponding to 
the following discussion is illustrated in Figure 36. 
The radiation field at any point in the equatorial 
plane (@ = 90°) is equal to 


Eg = oreo + un ei!B- (2=/A) 8 cos 4] ; (38) 
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where J is the center-fed input current to the an- 
tenna, J; is the center value of the current in the 
parasite, and # is the angle by which J, leads Ip. 
The relation between J; and Jp is given by 


| Zor | 38 


‘ 39 
(Zu | (39) 


1=1h 


where Zo, is the vector mutual impedance of antenna 
and parasite, and Zi, the vector self-impedance of 
the parasitic antenna, is equal to Ri +jXu = 
| Z1| e*. 65 is the phase angle of the parasite self- 
impedance. 

The field pattern in the equatorial plane is de- 
pendent directly on the spacing and indirectly also, 
since the spacing controls the mutual impedance and 
thus the voltage induced in the parasite. The current 
in the parasite is further dependent on its self- 
impedance, which can be changed by altering the 
length of the parasite. Cut toa length of just 4/2, 
the self-impedance is inductive, Z1 = 73.1 + j42.5 
ohms; if longer, the inductive reactance is increased; 
if shorter, it becomes at first less inductive, then 
resonant with Xy, = 0, and finally, capacitatively 
reactive. Field patterns for s/A = 0.1 and s/A = 0.25, 
and for 6 = +22.5°, 0°, and —22.5°, are plotted 
in Figure 37. These illustrate that, by controlling 
the spacing and length of parasite, it is possible to 
direct the pattern maximum into either the R or D 
direction, so that the parasite acts primarily either 
as a reflector (Ez > Ep) or as a director (Ep > Ep). 

1. Parasite as a reflector. For good reflector per- 
formance. the spacing s/A should lie between 0.15 
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FicurE 36. Half-wave dipole and parasite. 
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and 0.25 with the parasitic element made slightly 
longer (perhaps 5 per cent) than /2 in order to 
increase its inductive reactance. A few of the 
equatorial field patterns are shown in the lower row 
of Figure 37. To obtain the strongest field in the 
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Fiaure 37. Relative field of half-wave antenna and 

parasite. (Courtesy of I. R. E.) 
RF direction, it is necessary to lengthen the parasite 
to a particular length (obtained by trial). If this is 
done, Figure 38 indicates that the field Ep is a 
maximum for s/A = 0.15 and that the ratio of 
Ep to E for the antenna alone is 1.83; for s/\ = 0.25 
it is 1.65. This does not, however, give the best 
front-to-back ratio. 

2. Parasite as a director. Good director perform- 
ance is obtained when s/A = 0.1 and the parasitic 
element is cut slightly shorter (perhaps 4 per cent) 
than \/2 to produce a capacitative reactance. See 
Figure 37, upper row, for the field patterns and 
Figure 38 for the best ratio of Hp to E for the antenna 
alone. The latter, again, does not give the best 
front-to-back ratio. 


Multiple Parasites. 
Yagi Antennas 


By using several parasites, rather pronounced 
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Ficure 38. Adjustment of parasite for strongest 
fields Hp and Ep. (Courtesy of T. R. E.) 
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Fiaure 39. Antenna with three parasite elements. 

(From Radio Engineers’ Handbook by Terman.) 
directive effects can be achieved. Figure 39 shows a 
typical example. This antenna uses three parasitic 
dipoles arranged in a triangle or parabolic curtain. 
In order to obtain the most favorable pattern in 
such cases, careful tuning of the parasites is required. 


The most commonly used of the multiparasitic 
arrays of half-wave dipoles is the Yagi antenna 
(Figure 40). It has one reflector and several (usually 
2 to 5) directors. Since the voltage at the center of a 
dipole is always zero, it is possible to weld all the 
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Ficure 40. Yagi antenna with three directors. 


parasites to a central sustaining rod, as shown. By 
increasing the number of directors, it is possible to 
obtain highly directive patterns. 

The spacings between the elements of a Yagi 
array are not uniform. They are determined so that 
the phase difference of the currents in adjacent ele- 
ments is equal to their distance expressed in wave- 
lengths. If this condition is fulfilled, the elements 
are in phase with respect to radiation in the D 
direction. In practice, the spacing is determined 
experimentally rather than by calculations, which 
become very cumbersome when several directors 
are employed. 


Reflecting Screens 


A plane-conducting screen placed behind a radiat- 
ing dipole has a similar effect in the forward direction 
as an image dipole whose distance s from the primary 
dipole is twice that of the screen and which has a 
phase shift of 180° from the primary dipole. Radia- 
tion in the backward direction is confined to the 
weak fields leaking around the edges of the screen. 
The pattern in the forward direction is given by the 
array formula of equation (22), and end-fire array 
with y = 180° and s=/2. Good results are 
achieved when the distance from the screen to the 
dipole is small (less than 4/4) but larger spacings 


-are also used. The change in input impedance of the 
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primary element caused by the presence of the screen 
is appreciable. 

Reflecting screens are used primarily in connection 
with broadside arrays (curtains) to eliminate one 
of the two main lobes in opposite directions. An 
adequate screening effect is produced by a set of 
wires parallel to the direction of the radiating dipole 
with spacings somewhat less than a tenth of a 
wavelength. 


Corner-Reflector Antenna 


A simple directional device that gives an appre- 
ciable power gain (of the order of 10 to 20) is a 
corner reflector, which is essentially a combination 
of two reflecting sheets and a dipole. In the case 
shown in Figure 41 where the angle subtended by 
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Ficure 41. Corner reflector antenna. 


the corner is 90°, the corner is equivalent to the 
combined radiation of three image antennas. The 
' reflector can also be made of wires parallel to the 
‘direction of the radiating dipole. The reflecting 
wires do not, however, act as parasitic antennas 
but are taken so long that they are practically 
equivalent to conductors of infinite length. 

These should not be confused with corner re- 
flectors which are extensively used as targets and 
consist then of three mutually perpendicular con- 
ducting planes (see page 472.) 


PARABOLIC ELEMENTS 


Parabolic Reflectors 


These reflectors are the devices most commonly 
used to produce highly directive radiation patterns 
in the microwave region. The three main types are 
shown in Figure 42; they are the parabolic cylinder, 
the paraboloid of revolution, and the truncated 
paraboloid, the latter being a rectangular section 
cut from a paraboloid of revolution. If the parabolic 
cylinder is relatively short and provided with flat 
metallic covers at the top and bottom, its shape and 
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Ficure 42. ‘Types of parabolic reflectors. 


its electrical properties resemble those of a sectoral 
horn (see page 363). 

The directive action of the parabolic reflector 
depends on two gecmetrical properties of the parab- 
ola (Figure 43). A ray coming from the focus is 
reflected into a direction parallel to the axis of the 
parabola, and the distance from any point P on the 
parabola to the line called the directrix is equal to 
the distance from P to the focus. Consequently, the 
effect of the parabola in the forward direction is 
equivalent to that of a distribution of sources in the 
directrix that all oscillate in phase (but usually have 
varying intensities over the directrix). 


DIRECTRIX | 
Figure 43. Properties of a parabola. 


The parabolic cylinder produces a directive pattern 
only in a plane perpendicular to the generating line 
of the cylinder (horizontal plane in A of Figure 42). 
In order to concentrate the beam in a plane parallel 
to the generating line of the cylinder (vertical plane 
in Figure 42), an additional directive device must be 
employed. Usually this is a colinear array of dipoles, 
as shown; the direction of polarization is parallel 
to the focal axis. In microwave work this type of 
antenna offers advantages over the two-dimensional 
curtain of dipoles employed in VHF directional 
antennas. 

For the paraboloid of revolution or the truncated 
paraboloid, a simple source of radiation at the focus 
is used. Often this is a half-wave dipole, sometimes 
combined with a parasitic dipole which acts as a 
reflector (page 360). 

In other types, the energy is brought to the focal 
point by a wave guide and is then reflected back onto 
the parabolic surface. 

If the wavelength is small compared with the 
dimensions of the parabolic reflector, the following 
approximate formula holds for the radiation pattern 
produced by a parabola: 


a (fm. @ 
sin E sin =| 

ADAG (1 + cos 6), (40) 
where D is the aperture of the reflector and @ the 
angle from the axis. The half-power points corre- 
spond approximately to 


E = constant 


snd 2@= geen (41) 
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These formulas correspond to the case of nearly 
uniform illumination of the reflector from the source 
at the focus. In practice a source that concentrates 
the field toward the center of the parabola is used 
in order to reduce the magnitude of the side lobes, 
The half-power angle is then more nearly equal to 
6 = 0.6\/D. 
The maximum gain of a parabolic reflector is 


(Jw 


For D = 2 meters and \ = 0.1 meter, the gain is 
approximately 1,000. 
HORNS 


Types of Horns 


Many of the antennas previously described are 
used in the high-frequency [HF] and very high- 
frequency [VHF] bands of frequencies. Horns cannot 
readily be used at these frequencies because the sizes 
required would be excessive. 

But at the microwave frequencies, the size of the 
horn is small and it is easy to feed energy to it 
through a wave guide. In this arrangement the 
horn acts as transition between the impedance of 
the wave guide and the 377 ohms impedance of 
free space and thus reduces to a minimum the 
reflection of energy backward into the guide (such 
as would occur if the wave guide ended in an open 
pipe). 

Common types of horns are sectoral (discussed 
in next section ), pyramidal, conical, biconical, etc. 
Only the first type is discussed in this section. 


Sectoral Horn with TE,, Wave 


For this case the horn is flared only in width and 
is an extension of the wave guide of width b and 
depth a. For the TH,» wave the electric field is 
parallel to the dimension a and varies in strength 
cosinusoidally across the wave guide and horn open- 
ing, as shown in Figure 44. The length of the horn 
is R and the flare angle is ?. 


Figure 44. Sectoral horn. 


Figure 45 illustrates the pattern shapes in the 
plane parallel to dimension b for various flare angles. 

For this type of wave, the cutoff frequency of the 
wave guide is 


Ee 1s 


43 
Banh (43) 
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with b in meters. The operating frequency should 
be near but not greater than twice this value. 

The gain depends upon the length R and the flare 
angle ¢, and is plotted in Figure 46. 
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Ficure 45. Radiation pattern for a sectoral horn hav- 
ing various flare angles. 


Power Gain for 9 =1 


(0) 10 20 30 40 S50 
Flare Angle ,Degrees 


Power Gain for 4/4 =1 


Fa 
SOON aE 
Fania as 


4 6 8 10 15 20 30 
Horizontal Aperture in A 


Ficure 46. Gain of sectoral horn with TF1,0 wave. 
(These curves are for a vertical aperture ratioa /A = 1. 
For other ratios the gain given should be multiplied by 
a/X.) (From Radio Engineers’ Handbook by Terman.) 


Chapter 4 


FACTORS INFLUENCING TRANSMISSION 


REFRACTION 


Survey 


EFRACTION is caused by the variation of the 
dielectric constant (square of refractive index) 
of the atmosphere. Although the atmosphere is 
tenuous and the variations of refractive index 
are small, the effect of refraction upon the field- 
strength distribution of waves is considerable. As 
will be shown, refraction under average conditions 
may be taken into account by using an earth with a 
modified radius. A representative average value of 
modified earth radius commonly used is ka with 
= 4/3. Under certain conditions, especially in 
warmer climates, a slightly higher value of k might 
be preferable. 

The case where a is replaced by 4a/3 is referred to 
as standard refraction. It corresponds to a linear 
variation of refractive index with height in the 
atmosphere. In recent years, more complicated 
variations of refractive index in the atmosphere 
have received considerable attention and have 
proved to be of great operational interest. This 
volume, however, is restricted to consideration of 
standard atmosphere propagation. 


Snell’s Law 


Let mo and 7; denote the refractive indices of two 
media separated by a plane boundary. The ordinary 
law of refraction known as Snell’s law is then usually 
stated (see Figure 1), as 


Mm Sin Bo = m Sin fi, 


where Bo and #; are the angles which the ray makes 
with the perpendicular to the boundary. It is con- 
venient to use the complementary angle a, so that 


NM COS ao = NM COS ay. 


Ficure 1. 


y Refraction at boundary between two 
media. 
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For several plane-parallel boundaries, Snell’s law 
generalizes to 


NM COS Ao = Ny COS A] = Ny COS QA. =—-ee. 


In the atmosphere, the refractive index is a con- 
tinuous function of the height. Again, it is usually 
legitimate to consider the atmosphere as horizon- 
tally stratified, so that the refractive index is a 
function of height only. The case of a continuously 
variable refractive index is readily obtained by 
passing to the limit of an infinity of parallel bound- 
aries infinitely close together, Snell’s law remaining 
the same; thus 


n(h) + cos a = No COS ao, 


where now n and @ are continuous functions of the 
height. In place of a discontinuous change in direc- 
tion, there will now occur a bending of the rays 
(Figure 2). 


HEIGHT 
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as 2. Refraction in the atmosphere with variable 
n . 

If the boundaries are not plane but spherical, 
Snell’s law must be modified. Analysis shows that 
over a spherical earth surrounded by an atmosphere 
in which the refractive index n is a function of the 
distance r from the earth’s center, the law of re- 
fraction becomes 


() 


where a is the angle between a ray and the horizontal 
(see Figure 3). 

Refraction is of practical importance only when 
the angle between the rays and the horizontal is 
small. In the determination of gain as given in later 
chapters, the effect of refraction becomes com- 
pletely negligible when a is more than a few degrees. 

For small angles, cosa may be replaced by 
1 — a?/2. In this case equation (1) is well approx- 
imated by 


n(r) + T COS @ = No" COS ao, 


(2) 


1 
Loot) saoms 2, 
2 a 


where h is the height above the ground, so that 
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TO CENTER OF EARTH 


Figure 3. Refraction over curved earth. 


T = aandr=a-+h. This is the practical form of 
Snell’s law for the atmosphere above a curved earth. 
The reference level (see Figure 3) is here taken at 
the surface of the earth where m is the index of 
refraction. 


Modified Refractive Index 


In place of the sum(n — np + h/a)appearing in 
equation (2), it is customary to define and use a 
quantity M given by 


i= G Zit | 10°. (3) 


M is called the modified refractive index. It gives a 
unit that is convenient for practical use. The modi- 
fied index is then said to be expressed in M units, 
values of which commonly lie in the range of 300 to 
500. Using this definition, equation (2) becomes 


5 @ ea (Me fey 10; Se, 14) 


An important special case is that in which the 
refractive index decreases linearly with height, 
nN — mo = constant X h. Then equation (2) may be 
written in the form 


By ex, te. 
a (5) 


where & is the factor mentioned in text on p.364 
which determines the modified earth’s radius ka. 
Comparing the above expression with equation (2), 
and differentiating, it follows that 


liam, 
ka dh a 
or (6) 
ee a Buk a 10°. 
nN a 
1 = 
ae 


Proof of the fact that refraction is negligible unless 
the angle is very small may readily be deduced from 
the preceding formulas. Thus, on differentiating 


equation (4) 
-6 
de Mis oe 


Qa 
and in the standard linear case, by equation (5), 
da = dh/kaaw ~ 1.2- 10°’ dh/a 


for k = 4/3. Taking a = 0.05 radians (3°) and 
dh = 100 meters, one finds da = 0.00024 radians 
(50 seconds of arc), a very small change in angle. 
This is the standard deflection which is accounted 
for by replacing a by ka. The deviations from this 
value experienced with nonstandard refraction are 
even smaller. The larger the angle a with the hori- 
zontal at which a ray issues from the transmitter, the 
less the angular deviation. In communication work 
and for certain radar problems, however, angles of 
less than one degree are of importance, and da 
may then become comparable to a. 


Graphical Representation 


Figures 4 to 6 show three different ways of repre- 
senting rays subject to refraction. Figure 4 gives a 
true picture apart from the exaggeration of heights. 
In the case of standard refraction, the curvature 
of the rays is always concave downwards, the center 
of curvature being below the surface of the earth. 
The middle ray shown is the horizon ray and to. the 
lower right is the diffraction region into which rays 
do not penetrate. Figure 5 shows a diagram with 
modified earth’s radius, ka, in which the rays are 
straight lines. Figure 6, finally, is a plane earth 
diagram; the rays are here curved upwards. 

These diagrams may be considered as resulting 


FiaurE 5. Rays in a homogeneous atmosphere 
(equivalent radius ka). 
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from each other by changing the earth’s curvature 
by an arbitrary factor. From this viewpoint Figure 6 
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Ficure 6. Rays in a plane earth diagram. (Radius 
of curvature of rays is — ka.) 
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Ficure 7. Equivalent parabolic earth diagram. 


represents the limiting case of an infinite earth’s 
radius. The plane earth diagram is widely used for 
problems of nonstandard propagation. 

In drawing diagrams for a curved earth of equiva- 
lent. radius ka, it is customary to replace the spher- 
ical earth outline by an equivalent parabola (see 
Figure 7). The equation for the surface reduces from 
the circular form, 


zs? + (hs + ka)? = (ka)?, 


to the parabolic form, 
1 
hs a ae 2ka 25", 
for h;<<<a;. The height h measured from the 
surface of the earth, instead of from the x axis, is 


given by 
SWS i Se Bee 
Qka 


in which h is laid off perpendicular to the x axis and 
not to the earth’s surface. For clarity in drawing 
rays or field-strength diagrams, the vertical scale 
is expanded by an arbitrary factor p, whence 


1 
h = p( h'+——22). 
AG +52) (7) 


This distortion of vertical distances, it can be shown, 
does not distort angles. The parabolic representa- 
tion to be reasonably accurate must be restricted to 
heights in the atmosphere small compared with the 
extent of the horizontal scale. 


Curvature Relationships 


The curvature of a ray is defined.as the reciprocal 
of the radius of curvature p. Let w be the angle 
between the ray and a nearly horizontal x axis. 
By Figure 8, p = — ds/dy, and since y is a small 


B 
Ficure 8. Angular relationships of rays. 


angle we may, to a sufficient approximation, put 
ds = dz, so that 

ence, 

p im dx 
Here the curvature has been defined so that it is 
positive when the ray curves in the same direction 
as the earth; with this system the curvature of the 
earth itself is positive. Referring to Figure 8B, 

1 dy da dod 


Pa a fy ey eas 8 
p dx ie dx ) 
But d@/dz = 1/a, and since @ is a small angle 
da da dh da _ 1 d(@’) 


dx dh dz Gi ah 
Consequently, by equation (2) 
Le ate ee 


Teno tannins a ©) 
From this, the curvature of the ray is equal to the 
vertical rate of decrease of the refractive index. 
Notice that dn/dh is usually negative, so that the 
true curvature of a ray is usually concave downwards. 

A simple relationship exists between m = p/a, 
the ratio of the radius of curvature of a ray to the 
radius of the earth, and k. Combining equations (6) 
and (9) gives 


a 
m 


1 
i ap 1. (10) 
Consider again the special case where dn/dh = 
constant, so that n is a linear function of the height 
(standard refraction). Consider the plane earth 
diagram of Figure 6. The angles between corre- 
sponding curves are the same as in the true diagram, 
Figure 4. Hence, for the plane earth diagram, 
equation (8) becomes 1/p’ = — da/dx, where p’ is 
the radius of curvature of the ray in the plane earth 
representation. It is readily found that 


eel (y 
pp ka 2 dh dh oa (11) 
one syd 

dh ka 


Since M usually increases with height, the curvature 
of rays is concave upwards in this diagram. Again, 
equation (11) shows that when the modified earth’s 
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radius ka is introduced (Figure 5), this amount of humidity : 
upward curvature is just canceled and the rays eta 4,800 
appear as straight lines. (ies LO" = T\?P as ay ae (12) 


Alternate Method 


Instead of taking account of refraction by chang- 
ing the earth’s curvature, another method is some- 
times more convenient. It may be shown that the 
ratio of the field EZ to the free-space field Hy trans- 
forms in the same way, whether (1) radius a is 
replaced by ka, or (2) the horizontal distance z is 
replaced by xi" °/* and at the same time all elevations 
hare replaced by hk!/*. An anglea must then be 
replaced by ak~'/?. Method (2) is usually less con- 
venient than method (1) because it involves a change 
of horizontal distance which makes it necessary to 
transform the ratio H/E rather than the field itself. 
In method (1) where only curvatures are changed, 
this difficulty does not appear as the distance z 
and hence Zp remains unaltered. 

Method (2) may be used to advantage to account 
for deviations of k from the standard value of 
k = 4/3. Coverage diagrams are usually drawn 
for this value; the deviations owing to a change in 
k may then be estimated by multiplying distances, 
heights, or angles with the appropriate powers of 
k/(4/8). 


Computation of Refractive Index 


The following equation gives the dependence of 
the refractive index on temperature, pressure, and 


where 7’ is the absolute temperature, p is the total 
pressure, and e the water-vapor pressure, both the 
latter in millibars. 

Introducing M from equation (3), the modified 
refractive index, for use on a plane earth diagram, 
is equal to $ 


79/ . 4,8006 
u = 0.157h, 
T (° ir ) is 


where the height h is in meters. If A is in feet, the 
last term is 0.048h. 

Tables have been prepared by means of which M 
can be computed rapidly from meteorological data, 
namely temperature, humidity, and pressure given 
as a function of height. For this purpose M is the 
sum of three terms which are computed independ- 
ently: 


(13) 


M=M.+M,+M.,. (14) 


The dry term Mj is obtained from Table 1 as a 
function of temperature and height in meters above 
the ground. (If the pressure at the ground po is 
substantially different from 1,000 millibars all 
values of M, should be multiplied by po/1,000. In 
general this correction may safely be neglected un- 
less the difference between po and 1,000 is quite 
large, corresponding to an elevation of the ground 
level of several thousand feet above sea level.) 

The wet term M,, is obtained from Table 2 as a 
function of temperature and relative humidity. 


TaBLp 1 
M, 

h(ft) 
—16 -14 —12 —10 —8 —6 —4 —2 =E0 
307.4 305.0 302 7 300.4 298.1 295.9 293.7 291.5 289.4 0.0 
307.0 304.6 302.3 300.0 297.7 295.5 293.3 291.1 289.0 32.8 
306.6 304.2 301.9 299.6 297.3 295.1 292.9 290.8 288.7 65.6 
306.2 303.8 301.5 299.2 297.0 294.8 292.6 290.4 288.3 98.4 
305.8 303.4 301.1 298.8 296.6 294.4 292.2 290.1 288.0 131.2 
305.4 303.0 300.7 298.4 296.2 294.0 291.8 289.7 287.6 164.0_ 
304.4 302.1 299.8 297.5 295.2 293.0 290.8 288.7 286.6 248.1 
303.4 301.1 298.8 296.5 294.3 292.2 290.0 287.9 285.8 328.1 
3013 299.0 296.8 294.6 292.4 290.3 288.2 286.1 284.0 492.1 
299.3 297.1 294.9 292.7 290.5 288.4 286.3 284.2 282.2 656.2 
297.3 295.1 293.0 290.8 288.7 286.6 284.5 282.5 280.5 820.2 
295.4 293.2 291.1 288.9 286.8 284.7 282.7 280.7 278.7 984.3 
293.4 291.2 289.1 287.0 285.0 282.9 280.9 279.0 277.0 | 1,148.0 
291.5 289.4 287.3 285.2 283.2 281.1 279.1 277.2 275.3 1,312.0 
289.6 287.5 285.4 283.3 281.3 279.3 277.3 275.4 273.5 | 1,476.0 
287.7 285.6 283.5 281.5 279.5 277.6 275.6 273.7 271.8 1,640.0 
283.8 281.8 279.9 277.9 276.0 274.1 272.2 270.3 268.5 1,969.0 
280.1 278.1 276.2 . 274.3 272.4 270.5 268.7 266.9 265.1 | 2,297.0 
276.4 274.5 272.6 270.7 268.9 267.1 265.3 263.6 261.8 2,625.0 
272.7 270.9 269.0 267.2 265.4 263.7 262.0 260.3 258.6 | 2,953.0 
269.1 267.3 265.6 263.8 262.1 260.4 258.7 257.0 255.3 3,281.0 
251.8 250.2 248.7 247.2 245.7 244.2 242.8 241.3 239.9 4,921.0 
235.7 234.3 233.0 231.7 230.4 229.1 227.8 226.5 225.3 | 6,562.0 
+3.20 6.80 10.4 14.00 17.6 21.2 24.8 28.4 32.0 

h(ft) 


tC) 
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TaBLe 1 (Continued) 


h(m) tC) 
=E0 2 4 6 8 10 12 14 16 18 


0 | 289.4 287.3 285.2 283.2 281.1 279.2 277.2 275.3 273.4 271.5 

10 | 289.0 286.9 284.8 282.8 280.8 278.9 276.9 274.9 273.1 271.2 

20 | 288.7 286.6 284.5 282.5 280.5 278.5 276.6 274.6 272.8 270.9. 

30 | 288.3 286.2 284.1 282.1 280.1 278.2 276.2 274.3 272.4 270.5 
40 | 288.0 285.9 283.8 281.8 279.8 277.8 275.9 274.0 272.1 270.2 
50 | 287.6 285.5 283.4 281.4 279.5 277.5 275.6 273.7 271.8 269.9 
75 | 286.6 284.7 282.6 280.6 278.7 276.7 274.8 272.8 271.0 269.1 
100 | 285.8 283.8 281.7 279.7 277.8 275.8 273.9 272.0 270.2 268.3 
150 | 284.0 282.0 280.0 278.0 276.1 274.2 272.3 270.4 268.6 266.8 
200 | 282.2 280.2 278.3 276.3 274.4 272.5 270.7 268.8 267.0 265.2 
250 | 280.5 278.5 276.6 274.7 272.8 270.9 269.1 267.2 265.4 263.7 
300 | 278.7 276.8 274.9 273.0 271.1 269.2 267.4 265.6 263.8 262.1 
350 | 277.0 275.1 273.2 271.3 269.4 267.6 265.8 264.0 262.2 260.5 
400 | 275.3 273.4 271.5 269.6 267.8 266.0 264.2 262.5 260.7 259.0 
450 | 273.5 271.7 269.8 268.0 266.2 264.4 262.6 260.9 259.2 257.5 
500 | 271.8 270.0 268.1 266.3 264.6 262.8 261.1 259.4 257.7 256.0 
600 | 268.5 266.7 264.9 263.1 261.4 259.6 258.0 256.3 254.7 253.0 
700 | 265.1 263.4 261.7 259.9 258.2 256.5 254.9 253.2 251.6 250.1 
800 | 261.8 260.1 258.4 256.7 255.0 253.4 251.8 250.3 248.7 247.2 
900 | 258.6 256.9 255.2 253.6 252.0 250.4 248.8 247.3 245.8 244.3 
1,000 | 255.3 253.7 252.1 250.5 249.0 247.4 245.9 244.4 242.9 241,4 
1,500 | 239.9 238.5 237.0 235.6 234.3 232.9 231.6 230.3 228.9 227.6 
2,000 | 225.3 224.1 222.9 221.7 220.5 219.3 218.1 217.0 215.8 214.7 


32.0 35.6 39.2 42.8 46.4 50.0 53.6 57.2 60.8 64.4 


Taste 1 (Continued) 


Finally, M, = 0.157h, if his in meters, or M, = 0.048h, information about the atmospheric stratification 
if h is in feet, may readily be computed by means of a near ground level. Radiosonde data are too widely 
slide rule. M is then obtained by addition. spaced (vertical distances of the order of 100 meters 
between successive readings) for reliable determina- 
tion of the variation of M with height at low levels. 
Special instruments have therefore been developed 
Ordinary weather data give comparatively little in recent years for low-level soundings. Such instru- 


Atmospheric Stratification 
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TaBiy 2 


O10 SO On eo 


ments contain temperature and humidity measuring 
elements that are relatively free of lag; they are 
attached to airplanes or dirigibles or they are carried 
aloft by means, of captive balloons or kites. The 
above tables are for use in connection with such 
measurements. 


M 


w 


r.h. 
t(CF) 


— 4.0 
—1 0/4 
+ 3.2 
+ 6.8 
+10.4 
+14.0 
+17.6 


Two main cases must be distinguished. First, the 
refractive index or M is very nearly a linear function 
of the height in the lower layers (at heights above 
about 500 to 800 meters the variation of refractive 
index with height will deviate from linearity only in 
very exceptional instances). This is the standard 
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case where dM /dh is independent of h, and by using 
equation (6), & is conveniently obtained from the 
slope of the M —h curve. It is found that the 
vertical temperature gradient has a comparatively 
small influence on k, while fairly small variations 
of the humidity gradient will affect k appreciably. 

The other case is that of nonstandard refraction. 
Here M is not a linear function of the height. The 
most important special case is that of superrefrac- 
tion, which occurs when, in certain height intervals, 
M decreases with height instead of following the 
usual increase with elevation. Such a decrease of M 
in certain layers of the atmosphere is caused by a 
steep negative moisture gradient or steep positive 
temperature gradient, or even more by a combina- 
tion of both influences. 

With superrefraction, propagation conditions are 
greatly different from those encountered with 
standard refraction and the methods to be given 
later for the determination of the transmitted power 
do not apply. This is especially true for the field 
near or below the optical horizon. The discussion of 
nonstandard propagation is beyond the scope of this 
volume. 

High-angle coverage is generally independent of 
refraction and is therefore also unaffected by the 
variations of M in the lowest layers of the atmosphere. 


Direct Determination of k 


In Figure 9 the reciprocal of k is plotted as ordinate 


against the vertical gradient of relative humidity as 
abscissa. The values shown refer to a standard 
temperature gradient of — 0.65 degrees Centigrade 
per 100 meters; unless the temperature gradient 
differs greatly from this value, the corresponding 
values of k will not be much affected. The curves 
given refer to 100 per cent relative humidity at 
ground level, and an auxiliary table is provided 
at the top of the graph which gives figures to be 
added for other values of the relative humidity. 
The sensitivity of k to moisture gradients in warm 
climates is obvious from these data. 


GROUND REFLECTION 


Ground Reflection and Coverage 


The reinforcement of the direct ray by the ground- 
reflected ray is of great importance both in radar 
and in communication work. In favorable cases, 
the reflected ray may be of comparable intensity 
to the direct ray and thus the received intensity 
may be approximately doubled in places where the 
two rays have the same phase. This means, in many 
cases, the possibility of an appreciable increase in 
range relative to that in free space. 


Complexity of Reflection Problem 


In order to facilitate the discussion of the problems 
encountered in reflection, it is necessary to analyze 
the complex phenomena into simpler constituents. 
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Fieure 9. Graph 1/k versus RH (relative humidity) gradient and temperature for 100 per cent RH at ground. Add 
correction tabulated to obtain 1/k for RH at ground less than 100 per cent. 
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First of all, the incident radiation field is resolved 
into nearly plane wave components, each forming a 
narrow pencil of rays striking the reflecting surface 
within a small area which we shall call the reflection 
point. There are two types of such rays depending 
on their state of polarization. If the electric vector 
is parallel to the reflecting plane, the rays are said 
to be horizontally polarized and if the electric vector 
is parallel to a vertical plane through the rays, they 
are said to be vertically polarized. When consider- 
ing a very irregular surface, the reflected field may 
show extreme complexity even though the incident 
wave is linearly polarized. Increasing roughness 
may result in diffuse reflection which is ineffective 
in reinforcing the direct wave. The existence of 
diffuse reflection depends primarily on the size of the 
irregularities of the surface in comparison with the 
wavelength of the incident radiation and on the 
grazing angle of the incident field. This problem 
will be discussed in more detail later. 


Plane Reflecting Surface 


Consider first the simplest case, when a plane 
wave strikes a plane surface such as that of an 
absolutely calm sea. The incident ray is then split 
into two parts. One is the reflected ray, which is 
returned to the atmosphere, and the other is the 
refracted ray, which is absorbed by the sea. At the 
point of reflection, the ratio of any scalar quantity 
in the reflected wave to the same quantity in the 
incident wave is defined as the reflection coefficient 
of the sea for plane waves of given frequency. Thus 
defined, the reflection coefficient can and will be 
different for the various components of the field. 

For simplicity, let us assume the reflecting plane 
to be the ry plane of a rectangular coordinate system, 
the xz plane to coincide with the plane of incidence, 
and the reflection point to be the origin of the 
coordinate system. 


“PLANE OF INCIDENCE 
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Figure 10. Geometry of reflection and refraction. 


For horizontal polarization, the electric vector for 
the incident wave then is 


E; = Eye?! [t—(1/e) (zcos y—z sin )] (15) 
where y is the grazmg angle, f the frequency of the 


radiation and c the velocity of light in free space. 
The electric vector of the corresponding reflected 


field is given by the similar expression 


E, = Ey pew —J2nf (t-(1/c) (x cos p +2 8in )] (16) 


where p and ¢ are real constants. The ratio of the 
reflected to the incident field at the reflection point 
(2 = x = 0) is seen to be 


R = pe, (17) 


By definition this is the reflection coefficient for 
horizontally polarized waves. Thus the reflection 
coefficient is a complex quantity, the amplitude of 
which is the reflection coefficient of the wave 
amplitude and the phase is the lag in pkuse of the 
reflected wave with respect to the incident wave at 
the point of reflection. 

The reflection coefficient for vertically polarized 
radiation is defined in the same way. It is found, 
however, that the expression of p and ¢ in terms of 
the grazing angle yy and the ground constants 
are quite different for the:two types of polarization. 
For an arbitrary position of the plane of polariza- 
tion, the wave must be separated into its vertically 
and horizontally polarized components, and the 
proper reflection coefficient applied to each compo- 
nent separately. 

The quantities p and @ are determined by the 
boundary conditions for the electric vector at the 
reflecting surface, namely, that the tangential 
components of the electric vector on the two sides 
of the boundary surface shall be equal. This brings 
in the ground constants, that is, the conductivity 
and dielectric constant of the reflecting body. How 
these boundary conditions are applied may be 
illustrated by the simple example of horizontally 
polarized rays reflected from a surface of infinite 
conductivity. In the surface itself, the sum of the 
incident and reflected field strength must always 
be such that the currents set up in the body just 
suffice to produce the reflected field. Within a 
reflecting body of infinite conductivity, an infinitely 
weak field is sufficient, and hence the boundary 
condition is such that the reflected field, at the 
reflection point, shall be equal in magnitude and 
opposite in phase to the incident field, so that the 
resultant field is zero. Hence for infinite conduc- 
tivity and horizontal polarization 


Peele py =) adn 18024 9 (18) 


Fresnel’s Formulas 


For finite conductivity, the reflection coefficient 
may assume a variety of values. The general formu- 
las, as derived from electromagnetic theory, are 
given in equations (19) and (20). For horizontal 
polarization 


Pe sin y — Ve, — cos (19) 
sin y + Ve, — cos ’ 
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DIELECTRIC CONSTANT 
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Figure 11. Dielectric constant of sea water at 17 C. 


and for vertical polarization 


e,siny — Vv €, — cos’ y (20) 


R= ae 
e,siny + Ve, — cos?’ 


where «, is the complex relative dielectric constant of 
the reflecting ground which is given by 


& = & — jG. (21) 


A material that acts like a good conductor for 
low-frequency waves may act as an approximately 
pure dielectric for microwaves. The case ¢; = 0 is 
therefore of considerable practical importance. When 
e; = 0, and R consequently is real, the phase lag is 
180° for horizontal polarization. For vertical polar- 
ization the phase change is 180° from ¥y = 0 up 
to an angle yo determined by tan yo =1/Vé,. 
Here, the coefficient is zero. For larger angles the 
phase change is zero. As e¢, increases indefinitely, 
Wo approaches zero and for infinite ¢, the phase shift 
is zero everywhere, except for y = 0 where it is 
indeterminate. The angle Y is called the Brewster 
angle. For y = 0 the amplitude is unity, and for 
y = 90° 

_vVe-—1 

Ve +1 

for both cases of polarization. When «¢; is no longer 
zero, the amplitude p will show a deep minimum 


for a certain value of y instead of the zero found for 
e; = 0. The angle corresponding to the minimum is 


(22) 


called the pseudo-Brewster angle. These various 
points are illustrated by examples in Figure 16. 


The Complex Dielectric Constant 
of Water 


As much of the available radar and communica- 
tion equipment is either shipborne or erected along 
the coast, reflection from sea water is one of the 
principal problems to be discussed here. For micro- 
waves the salt content in sea water makes little 
difference, so that it may be assumed that the dielec- 
tric constant and conductivity are the same over all 
oceans at the same temperature. With increasing 
temperature, the real part of the dielectric constant 
diminishes roughly by one unit per 5° C. Figure 11 
gives the dielectric constant ¢, of ordinary sea 
water at 17 C asa function of frequency. 

The dielectric constant also diminishes with in- 
creasing salinity, but in the UHF-SHF region, normal 
variations of salinity have much smaller influence 
than changes in temperature and frequency. The 
imaginary part e¢; of the dielectric constant is, for 
frequencies less than say 1,000 mc, related to the 
conductivity o as follows: 


€; = + 60cr (23) 


(co in mhos per meter and ) in meters). At 25 C the 
average conductivity of sea water is usually given as 
4.3 mhos per meter. The temperature dependence is 
given by 

o = o25[1 + 0.02(t — 25)], 
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Figure 12. Amplitude of the reflection coefficient p 
versus angle of reflection © for sea water. (From 
Radiation Laboratory Report C-11.) 


where ¢ is temperature in degrees centigrade. 

The conductivity of fresh water is much smaller. 
An average for inland lakes is ¢ = 107? mho per 
meter. For wavelengths shorter‘than about 10 cm, 
the dielectric constant is influenced by the fact that 
water is built up of polar molecules. The maximum 
effect is found for wavelengths of the order of 1 em. 
For this region, there is no appreciable difference 
between salt and fresh water. 

The probable run of e; for sea water is shown in 


Ficure 13. Phase of the reflection coefficient @ versus 
angle of reflection Y for sea water. Reflected wave H, 
lags incident wave E; by @. (From Radiation Labora- 
tory Report C-11.) 
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Ficure 14. Amplitude p of the reflection coefficient 
versus reflection angle Y from YW = 0 to W = 5.5° for 
sea water. 


Figure 11. The part of the e; curve extending from 
6,000 me to 30,000 me corresponds essentially to 
results obtained at Clarendon Laboratory, Oxford. 
Other investigators give results which are markedly 
different. This curve is thus affected by consider- 
able uncertainties and should be used with caution. 

In Figures 12 to 15 are shown amplitude and 
phase of the reflection coefficient for a smooth sea for 
various frequencies. Figure 12 gives the amplitude 
p of the reflection coefficient for both kinds of 
polarization, for reflection angles up to yO degrees, 
and for 100 and 3,000 mc. Figure 13 gives the 
phase @ under the same conditions. The next two 
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Figure 15. Phase @ of the reflection coefficient versus 
reflection angle V from YW = 0 toW = 5.5° for sea water. 
E; lags E; by @. (From Radiation Laboratory Report 
C-11.) 
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figures give p and ¢ on a greatly enlarged scale of 
y, in the interval y = 0 toy = 5.5°, which embraces 
all cases of practical interest. 


Overland Transmission 


Conditions over land are very different from those 
found over the sea. Land as a reflecting surface has 
larger irregularities and their effect is more pro- 
nounced. Therefore in selecting a radar site, it is 
preferable to choose a location which is surrounded 
by relatively smooth ground. The electrical proper- 
ties of the earth vary considerably for different 
localities, so that it is necessary to study the ground 
conditions for each particular case. Experimental 
data concerning reflection of very short waves from 
ice- or snow-covered ground seem to be lacking. 
Precise information might be of operational interest, 
particularly in Arctic regions. Laboratory exper- 
iments indicate that ground covered by ice or snow 
will influence the propagation of short waves some- 
what in the same way as very dry ground. 


Conductivity of Soil 


Extensive investigations have been made on the 
conductivity of different types of soil, particularly 
on low and medium frequencies. For 10 mc, the 
observed values range from 6 - 10°* mhos per meter 
for chalk to 0.13 mhos per meter for blue clay. The 
conductivity increases with increasing moisture 


Ficure 16. Amplitude of the reflection coefficient for 
moist and dry soil. 


content, so that marked seasonal changes may be 
anticipated for a given locality. It also varies with 
frequency. Under field conditions it will not be 
possible to measure the conductivity in individual 
cases and one will have to assume a value of about 


10°? mhos per meter for poorly conducting ground 
like chalk or very dry soil and take a value of about 
107* for good conductors like blue clay or water- 
bogged marshy land. Fortunately, the amplitude 
of the reflection coefficient is not very sensitive to 
minor changes in conductivity when the frequency is 
sufficiently high, say 200 mc or higher. Then the 
real part of the dielectric constant is the most 
important factor. 


Dielectric Constant of Soil 


It is not possible to give a standard table of 
dielectric constants of various types of soil, because 
the variation with the moisture content is consider- 
able. For very dry ground ¢, is likely to be about 4, 
but this value may rise to 25 when the ground is 
thoroughly soaked with water. The dielectric con- 
stant of ground will normally decrease with increas- 
ing frequency. 

Above 200 me, the dielectric constant will dom- 
inate the conductivity term, and for field conditions 
the ground may be assumed to be a pure dielectric. 
This is illustrated in Figure 16 for ¢, = 7; ¢;=3 


Ficure 17. Phase of the reflection coefficient for 
moist and dry soil. 


and e; = 0; and for ¢, = 25, e¢; = 19 and e; = 0. 
Except for values close to the Brewster angle, the 
zero conductivity curves give a usable approxima- 
tion. 

In Figure 17, the phase, ¢, of the reflection coeffi- 
cient corresponding to the above values of ¢, and e¢, 
is also given. 


The Divergence Factor 


The preceding considerations apply only to 
reflection from plane surfaces. For reflection from a 
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Fiaure 18. Geometry for divergence factor. 


sphere like the earth, the divergence of a bundle of 
rays is increased when it suffers reflection, and the 
plane earth reflection coefficient, R, must be multi- 
plied by a divergence factor denoted by D, which 
accounts for the earth curvature. This factor ranges 
from unity at close range where the earth can be 
considered plane to zero at points just above the 
tangent line. [Note: When the divergence factor 
approaches zero at grazing angles less than the last 
minimum, other components of the wave must be 
considered.] To a sufficient approximation D is 
given by the expression 


b=|1+ 


where (see Figure 18), 


yr 4-} 
2hy he | (24) 


dka tan? y 


hy’, ho’ = heights of transmitter and receiver above 
tangent plane at reflection point. 

d = distance between transmitter and re- 
ceiver measured along the surface of 
the earth. 

y = grazing angle above tangent plane. 

ka = equivalent earth radius. 


Irregularity of Ground 


The formulas for reflection from a plane or a 
spherical earth can only be applied with confidence 
granting a certain smoothness of the reflecting 
surface, depending on the wavelength. A rule of 
thumb for the applicability of the reflection formulas 
is that the vertical height of the irregularities should 
not exceed 4/16, where \ is the wavelength and y 
the grazing angle in radians. Suppose, for instance, 
that the wavelength is 1 meter and the grazing angle, 
1 degree. The limit of tolerance is then 56/16 = 3.5 
meters. Hence, on this wavelength one may expect 
specular reflection over sea in most cases. For 
d = 10cm, on the other hand, the limit is only 35 cm, 
ana for \ = 3 cm it is 11 em. For larger grazing 
angles, the limit of tolerance will be correspondingly 
smaller. 


DIFFRACTION (GENERAL SURVEY) 
Definition 


The term diffraction will be understood to apply 
to those modifications of the field produced by 
material bodies outside the transmitter that cannot 
be described by the ray methods of geometrical 
optics. 

With this limitation of the term diffraction, there 
are three main topics to be considered: 

1. Diffraction by the earth’s curvature. 

2. Diffraction by irregular features of the terrain, 
such as hills, houses, ete. 

3. Diffraction by objects, primarily metallic 
(targets) in two-way transmission (radar echoes). 
Also scattering by raindrops. 


Diffraction by Earth’s Curvature 


The diffraction field in this case is the field appear- 
ing below the line of sight determined by use of the 
equivalent value of the earth’s radius ka. The case 
of an idealized earth with smooth surface and given 
electrical properties can be treated mathematically, 
and the field obtained is often designated as the 
standard field (see Chapter 5). If one moves away 
from the transmitter horizontally, at a fixed height 
above the earth, the field strength decreases expo- 
nentially with distance once the line of sight is 
passed. Similarly the field strength decreases expo- 
nentially with height above the ground on going 
vertically downwards from the line of sight. In 
many instances, the variation in the field strength, 
in the diffraction region is independent of the electric 
properties of the ground. The main exception occurs 
in a comparatively shallow layer near the ground. 
Only for the important case of propagation over sea 
water and for frequencies below 100 megacycles 
does this layer become high enough to cover an 
appreciable part of the whole diffraction region. 


Diffraction by Terrain 


The problem of diffraction by terrain features 
requires special treatment. Frequently a field of 
appreciable magnitude is found behind hills, houses, 
etc. Diffraction is also important when there is a 
sudden change in ground properties, as for instance 
in a transition from land to sea. In this case the 
shore line acts as a diffracting edge. Only a limited 
number of cases lend themselves to evaluation by 
simple formulas. The cases aré those which can be 
treated by the Fresnel-Kirchhoff method of optics 
which leads to a somewhat intricate but straight- 
forward mathematical formula for the diffracted 
field strength. In spite of its apparent limitations, 
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the Fresnel-Kirchhoff formula is often applicable 
to short-wave propagation problems. It is treated 
in Chapter 8. 


Diffraction by Targets 


This problem can be dealt with theoretically by 
methods similar to those used in computing diffrac- 
tion by terrain features, the main difference being 
that the angle of scattering is nearly 180 degrees 


sh {= 


Figure 19. Reflecting pattern of an airplane. 


instead of approximately 0 degrees. 

In the case of target diffraction, theory is less 
useful than in many other problems of wave propa- 
gation. This is due to the fact that radar targets 
such as airplanes or ships*have an extremely complex 
structure; the scattered intensity will therefore 
often change by many decibels as a result of only a 
small tilt of the target. Figure 19 shows a typical 
reradiating or reflecting pattern for an airplane. 
Numerous measurements of the average radar cross 
section of planes and ships have been made. 

A phenomenon of great importance in the micro- 
wave region is the scattering of radiation by water 
drops in the atmosphere. Small droplets such as are 
found in fogs and most types of clouds do not give 
reflection visible on the scopes. Only drops large 
enough to produce actual precipitation give appre- 
ciable radar echoes. However, this does not neces- 
sarily mean that rain is falling at the locality indi- 
cated by the scope; frequently vertical updrafts of 
air will maintain drops afloat that in still air would 
fall to the ground; moreover, drops falling from a 
comparatively high cloud can evaporate before 
reaching the ground. Especially in tropical regions, 
the last-named phenomenon is more common than 
is ordinarily thought. 
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Chapter 5 


CALCULATION OF RADIO GAIN 


INTRODUCTION 
Objectives 


HIS CHAPTER is devoted to the definition and 

calculation of the various factors which enter 
into a computation of the field strength of radio 
waves propagated in the standard atmosphere above 
the earth. 

In Chapter 2, particularly in text on pp.336-340, 
are given the basic definitions of path-gain factor 
and radio gain for transmission between doublets 
and other antenna types in free space. The present 
chapter shows how these quantities must be modified 
to account for the influences introduced by the 
curvature and electrical properties of the earth. 

The methods of computation are presented in 
considerable detail to enable the interested reader to 
apply them to his particular problem, and sample 
calculations are given which should assist in reducing 
to a minimum the time required for obtaining the 
answers in a given case. 


Definitions Relative to Radio Gain 


The radio gain is defined as the ratio of received 
power P>, delivered to a load matched to the receiver 
antenna, to transmitted power Pi, with both an- 
tennas adjusted for maximum power transfer. For 
doublet antennas in free space this ratio is given by 
(8d/87d)?.and is denoted by A¢?, that is, 


Po ya ( sry 
Py a (2) (1) 


and the free-space gain factor is given by 
Ay =— (2) 


in which d denotes the distance from the transmitter 
to the receiver measured in the same units as the 
wavelength i. 

When the radiation is emitted and received by 
directive antennas and the propagation takes place 
through a refracting and absorbing atmosphere, and 
reflection and diffraction effects of the ground are 
taken into account, the expression for the radio gain 
becomes a very complicated affair. 

For the general case of one-way transmission, the 
radio gain is given by 


5B = GGA’, (3) 
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where G; and G» are the gains of the transmitting and 
receiving antennas, respectively, and A, the gain 
factor, is equal to 


A=A,A, (4) 


with A, equal to the path-gain factor. [See equation 
(27) in Chapter 2.] 

For radar or two-way transmission, the radar gain 
is decreased because the energy traverses the path 
both ways and is influenced by the radiating proper- 
ties of the target as given by the radar cross section o. 
Combining equations (46) in Chapter 2 and (2) in 
this chapter, the radar gain equals 


P, SS Ge) 
— = GG. Ao'A,4| = GiG2| —— } A+. (5 
Te ee pe) al Ce) EE) 


Comparing equations (8) and (5), it is seen that the 
gain factor A may be used also for two-way trans- 
mission, provided the additional term 1670/9)? is 
included in the formula. 

Later on it will be shown how to split up A and A, 
into a product of various factors, represented by 
graphs which make it possible to carry out computa- 
tions in specific cases. 

The gain factor A may also be expressed in terms 
of the field strength H and free-space field strength of 
a doublet transmitter Ho. From equation (28) in 
Chapter 2, 


E = Ey VG; Ay. (6) 
Combining this equation with equation (4) 


Wh eS SO (7) 


where EoVG, is the free-space field of the trans- 
mitting antenna with gain G. 
The free-space field, in terms of the transmitted 
power P), is given by 
VGEy = 3V5 VP; 8) 
d 
for a point in the direction of maximum radiation. 
In terms of the power P; delivered to the load circuit 
of a receiving antenna, with matched load and 
oriented for maximum pickup, the field at any point in 
space is equal, from equation (17) in Chapter 2, to 


7p ND (9) 
d VG 


It is sometimes convenient to express # in terms of 
the (radiation) field at one meter from the trans- 
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mitter, whence Ey) = E,/d and, from equation (6), 


= —VGiA,- (10) 


Factors Affecting Attenuation 
and Gain 


The above definitions are quite general. In the 
absence of the earth, there remains only the free- 
space attenuation which results from the spreading 
out of the radiated energy as it moves away from 
the transmitter. At a distance which is several times 
larger than the wavelength, the field strength varies 
inversely as the distance from the antenna. 

The presence of the earth affects the field through 
two sets of quantities. One set is geometric and 
includes the heights of the antennas and their dis- 
tance apart, the curvature of the earth, and shape 
of terrain features. The other set is electromagnetic 
and depends on the dielectric constant and con- 
ductivity of the earth and of its atmosphere, the 
polarization and the wavelength of the radiation. 


Simplifying Assumptions 


The present chapter is mainly concerned with the 
computation of the field-strength distribution of a 
transmitter for certain idealized standard condi- 
tions, so chosen as to give a fair average picture 
of propagation conditions for very high-frequency 
radiation. The reasons for this limitation are stated 
in Chapter 1. In substance, the limitations are 
imposed by the great complexity of the general 
problem, which makes it necessary to proceed in 
successive steps. The first step is to consider propa- 
gation under standard conditions, which will be 
defined farther on. Successive steps take into 
account diffraction by terrain, that is, by trees, 
hills, mountain ranges, or shore lines, or by non- 
standard propagation effects in the atmosphere. 

The fundamental importance of a knowledge of 
propagation under standard conditions is first of all 
due to the fact that in a large number of cases condi- 
tions do not differ significantly from standard. On the 
other hand, when they do deviate significantly, the 
standard solution sets up a criterion for the discov- 
ery of deviations and the evaluation of the influence 
of the nonstandard conditions upon propagation. 

The basic assumptions which define what we have 
been calling standard propagation conditions will 
now be given. 

1. Standard atmosphere. It is assumed that the 
index of refraction of the atmosphere has a uniform 
negative gradient with increasing elevation. As has 
been pointed out in Chapter 4, the influence of such 
an atmosphere upon propagation is equivalent to 
that of a homogeneous atmosphere over an earth of 
radius ka, where k is a constant that usually is taken 


equal to 4/3. 

2. Smooth earth. The earth is assumed to be 
perfectly smooth. It ean be considered sufficiently 
smooth if Rayleigh’s criterion is satisfied, that is 
when the height of surface irregularities times the 
grazing angle (in radians) is less than 4/16 (see 
page 375). 

3. Ground constants. The dielectric constant and 
conductivity of the earth are assumed uniform. For 
wavelengths less than one meter this assumption is 
particularly valid since in this case propagation is 
largely independent of the ground constants. In 
the VHF (1 to 10 m) range, the same is true with the 
important exception of vertically polarized radiation 
over sea water. For the VHF range, the assumption 
of uniform earth constants is unsatisfactory for 
paths partly over land and partly over sea water, or 
over sea water with large land masses near-by (see 
Chapters 8 and 10). 

4. Doublet antenna and antenna gain. For the 
formulas of this chapter, the radiating system is 
assumed to be a doublet antenna (ie., a straight 
wire, short compared to the wavelength). Actual 
antennas have radiation patterns different from 
that of a doublet, usually having greater directivity. 
The antenna gain of a half-wave dipole is 1.09 times 
(or 0.4 db greater than) that of a doublet, the field 
maximum being the same in the two cases. This 
gain is insignificant in practice. For other types of 
antenna systems and for microwave frequencies, the 
gain may be many times larger. 

The propagation problem, thus limited, has been 
solved mathematically ; but the explicit mathematical 
formulas are far too complicated to be of much use to 
the practical computer. Much additional work has 
been done, however, to bring the solution into a 
form suitable for practical use. This involves 
reducing the computations to the use of graphs, 
nomograms, and tables, and it is this final stage of 
the problem which is the subject of subsequent 
parts of this chapter as well as of Chapter 6. 


Curved-Earth Geometrical 
Relationships 


Let fi; and he denote the heights of transmitter 
and receiver above the earth’s surface, respectively, 
and let d denote the distance from the base of the 
transmitter. to the base of the receiver, measured 
along the earth’s surface. For a number of cases 
concerned with high-frequency radiation over the 
earth’s surface, it is sufficient to identify the straight- 
line distance from transmitter to receiver with the 
distance d between the bases measured along the 
curved earth. But when path differences are of 
importance, as they are in interference problems of 
reflection and in diffraction, it is necessary to com- 
pute distances to a higher order of accuracy. 

Throughout this chapter, the earth will be assumed 
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to have the equivalent radius ka, and the atmosphere 
to be homogeneous, and radiation to travel along 
straight lines. 

The straight line from the transmitting antenna 
and tangent to the earth’s surface (the so-called 
line of sight) touches the earth along a circle which 
constitutes the radio horizon of the transmitter. 
The distance measured along the earth from the 
transmitter to the radio horizon will be denoted by 
dy; and the horizon distance of the receiver by dp. 
These geometrical relations are illustrated in 
Figure 1. 

From this figure, it follows that 

ka 


k i ———— , 
apie cos (dz/ka) 
Inasmuch as 


eAAHE a pth ul BE a uo ~kat+ L dr’ 
cos (d7/ka) 


1 (dp/ka)? cs 
equation (11) assumes the form 
1 dr’ 
——— 12 
Seren (12) 
or 
dp = V2 kahy . (13) 


Similarly, the horizon distance of the receiver is 
dp = V2 kahs. (14) 


The sum of the two horizon distances is given by 
dz, where 
dy = dr + dp. (15) 


Optical and Diffraction Regions 


The points visible from the transmitting antenna 
(on an earth of equivalent radius ka), i.e., the points 
above the line of sight, constitute the optical region 
(Figure 1). The rest of space lies beyond the trans- 
mitter horizon and below the line of sight and is 
called the shadow or diffraction region. 


OPTICAL REGION 


OPTICAL HORIZON 


LINE OF SIGHT 


NC AAUY oS 


TRAN SMITTER 


Figure 1. Geometry for radio wave propagation over 
curved earth. 


It is frequently necessary to know whether a 


receiving antenna lies in tne optical region or the 
diffraction region of a given transmitter. This 
evidently is equivalent to knowing whether the 
distance d of the receiver from the transmitter is 
smaller or larger than the combined horizon distance 
d,;. By equations (13), (14), and (15), it follows 
that in the optical region 


d <V2ka (Vin + Vin), (16) 
and in the shadow region 
d > V2ka (Why + Vio). (17) 
A graphical representation ot the equation 
dy, = V2ka (Vi, + Vin) (18) 


is given in Figure 2. For k = 4/3, a = 6.37 X 10°m, 
this takes the form 


dy, = 4120 (Vn, + Vi») meters, (19) 


where /y, he are given in meters and dz, in meters. 
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Figure 2. Sum of transmitter and receiver horizon 
distances for standard refraction. To change scale: 
Divide h; and hz by 100, and divide dz, by 10. 
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Nature of the Radiation Field 
in the Standard Atmosphere 


The mathematical solution for the radiation field 
takes various forms for particular cases. The treat- 
ment for low antennas, for instance, differs from 
that for high antennas, and similarly the equations 
must be handled differently for the two types of 
polarization. These and related problems are dis- 
cussed in general in the following. 

1. General form of ficld variation. The mathemat- 
ical expression for the radio gain of the radiation 
field of a doublet under standard conditions is given 
as the sum of an infinite number of complex terms or 
modes. (See pp.4'21-428.) Disregarding the phase 
factor, a representative term (mode) of this series 
has the form 


Fd) « filhi) + fo(he) « (20) 


These modes are attenuated unequally. Well within 
the diffraction region, the first mode contributes 
practically all of the field so that the effects of dis- 
tance and height are separable. In this region, the 
problem of numerical computation is simplified, 
since it is possible to use separate graphs for the 
dependence on height and distance. As the receiver 
is moved toward the transmitter, the number of 
modes required for a good approximation increases. 
For low antennas, the addition of the modes is 
practicable and the graphical aids are useful for 
short distances. These conditions are illustrated in 
Figure 3 for horizontal polarization or ultra-short 
waves. 

In the optical region, the methods of geometrical 
optics give a result equivalent to that of the rigor- 
ous solution at points which are not close to the line 
of sight. The field is then the sum of a direct and a 
reflected wave, resulting in an interference pattern. 

The preceding discussion is illustrated by Figure 4 
which shows the variation of field strength with 
distance for fixed antenna heights, for propagation 
over dry soil with a wavelength of 0.7 meter on 
vertical polarization. The numbers refer to the 
number of modes required for a better than 99 per 
cent approximation. The interference pattern is 
illustrated by the oscillatory nature of the curve. It 
will be observed that beyond the first maximum, 
the points found by geometric optics give a value 
of the field which is slightly too low. (See dots in 
Figure 4.) In fact, as the line of sight is approached, 
the optical formula approaches, zero whereas the exact 
solution does not. The geometric-optical method 
breaks down in the optical region as the line of 
sight is approached. It may be noted that Figure 4 
has been drawn for k = 1 rather than for the cus- 
tomary value of k = 4/3 corresponding to standard 
atmosphere conditions and is for a hypothetical 
isotropic radiator. 


If the earth were flat and perfectly reflecting, the 
envelope of the maxima of the curve in Figure 4 
would coincide witk the line 2H, twice the free- 
space field, corresponding to the in-phase addition 
of the direct and reflected waves. An envelope of the 
minimum points would be HE = 0, corresponding 
to the destructive interference of the direct and 
reflected waves. The curvature of the earth, resulting 
in increased divergence of the waves (see text on 
P.384),and the lack of perfect reflection (see text on 
p.383) cause the maximal and minimal envelopes to 
differ from 2p and 0, respectively. In the neighbor- 
hood of the first maximum in Figure 4 (i.e., when the 
direct ray makes small angles with the earth), the 
reflection coefficient tends to be unity in magnitude 
for both polarizations except for the increase in diver- 
gence which results in the deviation of the maxi- 
mal and minimal lines from 2H and 0, respectively 
At a smaller distance, for vertical polarization, as 
shown in Figure 4, the deviation is caused principally 
by the smaller magnitude of the reflection coeffi- 
cient. The virtual meeting of the maximal and 
minimal lines corresponds to the minimum value 
of the reflection coefficient at the pseudo-Brewster 
angle. (For horizontal polarization at small dis- 
tances, the envelope of maxima would virtually 
coincide with 2 and the minima would be closer to 
zero. As the distance is increased, the difference 
between the envelopes for vertical and horizontal 
polarization gradually decreases.) 

2. Both antennas low; h < h,. In a discussion of 
the height function, it is convenient to distinguish 
between high and low antennas. The critical height 
separating the two cases for horizontal polarization 
or ultra-short waves is given by 


he = 300 meters (21) 


where ) is expressed in meters. For \ = 0.1 meter, 
h, = 6.46 meters, and for \ = 10 meters, h, = 139.5 
meters. If both antennas are at elevations less than 
h,, the height-gain functions f(h), to a first approx- 
imation, are the same for all the modes, so that the 
complete solution 


filha) « fhe) - Fi(d) + fa(ha) « folhe) - Fad) ++ + + 
can be written in the form 


Sha) + fhe): (Fi Fa ++--), (22) 


f(x) - fe) - Fd), (23) 


where f(ii) replaces fi(fi), f(he) replaces fi(he), etc., 
while F(d) stands for the sum F', + Fo+---. 

The distance function F(d) can be calculated for 
particular cases. This has been done for high fre- 
quencies and is represented graphically on pp.403 - 
432 ,the results being valid for low antennas for all 
distances in the optical as well as in the diffraction 
region such that 2hih, << dd (see Figure 3). The 
condition 2hih, < < dd assures that the antennas are 
below the interference pattern. 


or 
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Ficure 3. Field regions as related to transmitter heights for horizontal polarization or ultra-short waves. Low antenna 


tegion = Ad > 2hih2; hi, he < 30A2/3. 
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Ficure 4, Variation of field strength with distance for propagation on vertical polarization with a wavelength of 70 cm 
over dry soil. The point ‘‘due to minimum” results from minimum in reflection coefficient at the pseudo-Brewster angle. 


At the ground, f(h) = 1, so that if both antennas 
are close to, the ground, the distance dependence is 
given by F'(d) only. 

3. One or both antennas elevated; h > h,= 30d". 
For elevated antennas, h > h, and the height-gain 
functions of f(h) vary with the modes. Conse- 
quently, it is not possible to separate the height and 
distance effects as in the previous paragraph. 

In the optical-interference region, it is more ad- 
vantageous to_use the method of combining the 
direct and reflected waves. This is equivalent to 


the rigorous solution which is illustrated by the dots 
in Figure 4. 

Simple graphical aids can be given for points well 
within the diffraction region where the first mode 
predominates. The ranye of usefulness of the first 
mode can be extended by plotting the field strength 
given by the first mode as a function of height (or 
distance) and plotting a similar curve by using the 
ray method as far as the lowest (or first) maximum 
(see Figure 7). Then by joining these partial curves 
into a smooth overall curve, a fairly good value of 
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the field can be obtained for intermediate points. 

There is a further possibility occurring with the 
transmitting antenna elevated, the receiver low and 
lying below the interference pattern, and the dis- 
tance short. In this event, none of the previous 
methods apply. However, the reciprocity principle 
(see Chapter 2) can be applied to find the radio 
gain at the receiver by interchanging the role of 
receiver and transmitter. Suppose the original 
transmitter height is 100 meters, the original re- 
ceiver height 15 meters, and the wavelength 1 meter. 
Now let the transmitter height be 15 meters. If the 
receiver height is low (ht: < 30 meters), values of 
the gain can be found ( page 405); if the receiver 
height is in the interference region, the gain can be 
found by the ray method. Now suppose a curve be 
drawn for these results, giving the attenuation 
versus receiver height. From this graph, the value 
of the gain factor A at h, = 100 meters can be read. 
This value of A by the principle of reciprocity is the 
gain factor for the original heights. 

4. Ultra-short waves in the diffraction region. 
Dielectric earth. For } < 10 meters (f > 30 mc) and 
for either polarization, land acts as a dielectric earth 
or absorbing earth in contradistinction to a conducting 
earth. Propagation over a dielectric earth is practi- 


=10-mhos/m 


© 10 20 30'40 50 60 70 80 90 100 
d IN KILOMETERS —> 


Ficure 5. Field strength ratio versus distance for 
vertical polarization over dry soil for h; = 100 meters 
and h, = 0. 
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Ficure 6. Field strength ratio versus distance for 
vertical polarization and heights h; = h2 = 100 meters. 


cally independent of earth constants. For a given 
type of polarization, the chief variables affecting 
gain are then the heights of the antennas, their 
distance apart, and the wavelength. Within the 
diffraction region, the effect of increasing wavelength 
is to increase the field strength. This is illustrated 
by the curves in Figures 5 and 6. The dielectric earth 
is characterized by a value of 6 > a 1. 6 is given 
by equation (193). 

While sea water has a relatively high conductivity, 
radio wave propagation over it is the same as that 
over a dielectric earth in the case of horizontal polar- 
ization for \ < 10 meters, and in the case of vertical 
polarization for \ < 1 meter. Consequently, verti- 
cally polarized radiation of wavelength range 1 to 10 
meters over sea water is given special treatment on 
pages 416-419. 

In the same range, 1 to 10 meters, for vertically 
polarized radiation and for distances less than those 
given in Table 3, propagation conditions over land 
also deviate slightly from those corresponding to a 
dielectric earth. 

5. Optical region. In the optical-interference 
region, the lobes for the shorter waves are more 
numerous, narrower, and lower, as can be seen from 
the oscillatory part of the field strength versus 
distance curves of Figure 6. 

The dependence of reflection coefficients upon 
polarization, wavelength, and ground constants is 
discussed on pp. 370-375. 

6. Horizontal versus vertical polarization. In the 
optical region, for rays at small grazing angles, there 
is not much difference between the two types of 
polarization. For larger grazing angles, the differ- 
ence is more marked (see the section on reflection 
coefficients. 
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Ficure 7. Gain versus height at distances beyond the 
radio horizon. 
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It has been pointed out in the previous paragraph 
that within the diffraction region for \ < 10 meters 
and propagation over land, there is practically no 
difference in intensity between a horizontally and a 
vertically polarized radiation field. For \ < 1 meter 
there is, similarly, no difference for propagation over 
sea water. When there is a difference, as for low 
antennas, horizontal polarization gives a smaller 
gain; but as the antennas are raised, the two cases 
approach equality. 


PROPAGATION FACTORS 
IN THE INTERFERENCE REGION 


Propagation Factors 


Te factors affecting gain in the region where the 
methods of geometrical optics may be applied are 
discussed in this and the next three sections. 


Spreading Effect 


From the formula of equation (1) in Chapter 2, 
for the field intensity components of the radiation 
field, it follows that for distances from the transmit- 
ter large in comparison to the wavelength, the domi- 
nant term falls off inversely as the distance from the 
transmitter, or 


E= a, (24) 
where #; is the field strength at unit distance. This 
means that the power per unit area in the radiation 
field varies inversely as the square of the distance. 
This spreading effect is the consequence of the fact 
that the energy of the wave is distributed over larger 
and larger areas as the wave progresses away from 
the transmitter. 


Interference 


When a wave travels over a conducting surface, 
constructive and destructive interference occurs 
between the direct wave from the transmitter and 
the wave reflected by the surface. This is illustrated 
in Figure 8, which is drawn for a plane earth. If 
there is no energy lost in reflection, the direct and 


Ficure8. Geometry for radio propagation over a plane 
earth. 


reflected waves are of equal intensity, and their 
resultant varies from zero to twice the free-space 
value, depending upon the phase difference between 
the two components. The reflected wave lags the 
direct wave by an angle 6 + @, where 6 is the phase 
retardation caused by the greater path length 
traversed by the reflected wave and @ is the phase lag 
occurring at reflection. 

Figure 9 shows the vector diagram for the case 
where the phase shift at reflection is @ = 180 degrees. 


EY 


Fiegure 9. Vector diagram showing the addition of 
the direct and reflected waves for@ = 180° and p = 1. 


This condition holds for horizontally polarized 
radiation of frequency above 100 megacycles, re- 
flected from sea water at grazing angles of less than 
10 degrees. The resultant electric field is equal to 


E = Ee + E,? — 2E.H, cos 6 


= \ — E,)2-+ 4EoE, sin’ (25) 


If the reflection is complete, as from a conductor of 
infinite conductivity, 


E, =F, E=2K sin (26) 


Imperfect Reflection 


In general, the strength of the reflected wave H, 
is less than that of the incident wave H;, partly be- 
cause of diffuse reflection and partly because some 
energy is refracted into the surface and absorbed. 
Furthermore, the phase lag usually differs from 
180 degrees, depending upon the frequency and 
grazing angle. This is especially true for vertical 
polarization where the reflection coefficient is a 
critical function of both the grazing angle and fre- 
quency. The ratio 

2, 8p ae 
R B, pe (27) 
is a complex number and defines the reflection co- © 
efficient R, which has an absolute value p and a 
phase angle ¢. 

In equation (27), a lagging angle is considered 

positive. Writing ¢ = 7+ ¢’, equation (27) may 
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be expressed as 


pees ETE yp BP (28) 
In equation (27), the lag angle @ is measured with 
respect to zero-degree phase shift at reflection. For 
horizontal polarization, @ varies from 180 degrees to 
183 degrees, and from 180 degrees to 3 degrees for 
vertical polarization at 3,000 me over sea water. 
In equation (28), lag angle @’ is measured with 
respect to a 180-degree phase shift (that is, from 
E; reversed), and varies from 0 degree to 3 degrees 
for horizontal polarization and from 0 degree to 
—177 degrees for vertical polarization. 


The resultant field intensity is 


E=8, + pHve 2" +¢) — Ty Se pine JO te +) (29) 
= Ey(1 — pe ae) 


where 
Q=6+¢ =i8+¢--7. 
The absolute value of the received field |E | is 
given by - 
| B| = Boa) (1 = pe?) a = per) 


or a ee ee 
| B| = Bo | 1+ p* ~ 2p cos 2 


= Ep | @ = peo sintZ. (30) 


Equation (30) shows that the received field intensity 
has a maximum of 2H) when 


p= TU 

Q = (2n+ 1)z. . (31) 
The value of £ is a zero when 

p=1, 

Q = 2ntr (32) 


In equations (31) and (32), » includes all integral 
values and zero. Equation (80) may be written as 


E 
= an (1 — p)? + 4p sin’ (33) 


where E is the field at distance d from the trans- 
mitter, and H; is the field strength at unit distance. 
From equation (33), 


A ORR RE NG 
d= Ba = p)?+ 4p sin’ 5 (34) 


In free space where there is no reflecting earth, 
p = 0, and 
E 
= zm (35) 
where dy is the equivalent free-space distance from 
the transmitter at which the field strength EZ would 
be found. Hence equation (34) may be written in 


the form 


d= a a/c — p)? + 4p sin’ 5 (36) 


Divergence 


The divergence factor D is introduced to account 
for the decreased gain produced by the spreading 


Ficure 10. Increased divergence resulting from re- 
flection by a sphere. 


of a wave reflected from a spherical surface. Re- 
ferring to Figure 10, 


Bs _ daz _ [daz da _% [dap (37) 


Ep da; “dada, ™ Nda, 7% 


In calculating the field intensity reflected from a 
spherical earth, the inverse distance attenuation 
factor 1/rg used for the direct wave must be multi- 
plied by the divergence factor D, which is always 
less than unity. 

As a result of this divergence the reflection 
coefficient for a spherical surface is less than that 
for a plane surface as given by 


pD = 7’ (38) 


where p’ is the spherical earth reflection coefficient. 
Equations (30) and (36) may then be written as 


| E| = By Ja — p!)P+ 4p" sin’ (39) 
and poaeneein. 38 SUE Seton ee 
d= ds 4] (1 = p')? + 49" sin’. CD) 


Antenna Gain and Directivity 


The effects of antenna gain and directivity are 
expressed by means of the gain factor G, defined in 
text on p.339, and the antenna pattern factors F1 
and F2, which are the fractions of the maximum radi- 
ation amplitude in the direction of the direct and 
reflected rays respectively. The maximum ampli- 
tude for a transmitting antenna with gain G; is 


A 
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Ey’ = VG, Eo, where Ey is the free-space field 
strength radiated by a doublet. 

When the antenna pattern factors are taken into 
account, the resultant field intensity, following 
equation (30), is 


E = VG, Ey V Fe + Fi2p?D? — 2F\F2pD cos 2. (41) 


Figure 11. Antenna pattern factors F, and F2. 


The factors F; and F2 are functions of the angles 
1 — a and »y+a which the direct and reflected 
rays make with the axis of the beam. Figure 11 is a 
typical antenna pattern. 


GENERAL SOLUTION 


Generalized Reflection Coefficient 


Equation (41) may be simplified by introducing a 
generalized coefficient which includes the effects of 
reflection, divergence, and directivity. The ampli- 
tude of this coefficient will be denoted by K and is 
given by 


K =—pD. (42) 


Substituting fF. = F,K/pD in equation (41) gives 


E =VQFiEyV1+ K?—2Kcos2 (48) 
or 


ip VG. Bs] (1 — K)? + 4K sin? ;: (44) 


If the transmitting antenna is pointed so that the 
direct ray lies in the direction of maximum gain, 
F, = 1, and 


E = VG.E \| (1 — K)'+t 4K sin? 5 (45) 


Gada Va =~ He wee ; (46) 


a) (1 — K)? + 4K sin? ; 


as a function of K for various values of sin 2/2 and 
may be used to calculate E. 
The value of G, to be used in equation (46) may 


and 


Figure 12 shows 


fe 


[sirell= 


z A SK A 7 B ar) 1 
Ficure 12. , E — K)? + 4K sit as a function of 
K and Q. 


be found from the antenna specifications for a given 
set. The free-space field Hy at distance d from a 
transmitting doublet with power output P; is equal to 


3V5 VP. 
Eo = Saas . (47) 
is 
E 120 1o® 
= 
Bis 108 
3 Fy 
2 80 iH ot S 
< TIENT 2 
Sie RH. 2 
2 |_SSOUMIE Seaton 
ao SSS SST soe 
10 50. 100 500 1000 5000 10,000 
d IN METERS 


Ficure 13. Free-space range d as a function of field 
strength Hy and transmitter power Py. 


Figure 13 shows Eo in decibels above 1 microvolt 
per meter as a function of d for various values of 
transmitted power. The free-space field at distance 
of d meters expressed in decibels above 1 microvolt 
per meter for P; watts radiated is 

3V5 VP 


Decibels = 20 login a= | (48) 


PLANE EARTH 
Use of Plane Earth Formula 


The following sectior will show that under cer- 
tain conditions calculations based upon the assump- 
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tion of a plane earth yield satisfactory results. Cal- 
culations for propagation over a plane earth are 
given in this section. 
Path Difference 
It follows from equation (29) that when p = 1 
and @ = 180 degrees, the received field depends 


only upon the phase lag caused by path difference. 
Referring to Figure 8, 


: Za ANe 
ramet ge = ay) + (HS ‘ 
oa 1 Sy t(be ey | 
= a1 +3( = ae) ere lp 
(49) 
2 
pa alt Out mp = aie (BBY, 


ue 1 hi + 2 yi +(t By | 
=a[1+5 (44 (mee) +... |, 


(50) 
Qhyhe — hyhe(Ai? + he”) 
aaron al as aP 000 |lp 
=e etl ae I. (51) 
q OP aoe 
If 
hi? + he? 
Oe nd 1 
WP << il, 
h 
ax? ue (52) 


The phase lag caused by the path difference A is 


equal to 
5 ve 22(?hl am Amhyhe ; (53) 
r~A\ d dd 
where } is the wavelength of the radiation. 


Field Strength Equations 


When p = 1 and ¢ = 180°, equation (26) may be 
used. Substituting equation (53) for 6 into equation 
(26) gives 


- (2rhyh 
E = 2K) sin (ee). 54 
0 a7 (54) 
If 6/2 < 10°, sin (6/2) — 6/2 and 


Athyh 
E=E£ : 55 
Cae; (55) 


When /h, or hz equals 0, equation (55) indicates that 
the received field intensity is equal to zero, which is 
contrary to fact. For this case the diffraction field 
must therefore be calculated and included as ex- 
plained on page 380. 

In the general case (p < 1), equation (44) may 
be applied with K = (F2/F1) pD. A refinement may 
be added to the calculation by taking into account 
the fact that the image source (Figure 8) of the 
reflected wave is at a distance r + A from the re- 
ceiver. The reflected wave is attenuated more than 
the direct wave, according to the free-space attenua- 
tion ratio (r+ A)/r. If this is taken into account 


ko 


Ficure 14. Geometry for radio wave propagation over a spherical earth. (Vertical dimensions greatly exaggerated.) 
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the ordinary reflection coefficient is replaced by 
Kr B(_1 ) pp. (56) 
Fy Tr + A 
The correction is not necessary when 2h, << d? 
[see equation (52)]. 


SPHERICAL EARTH 


Measurement of Distance 


The difference between the slant range rz and the 
distance measured along the surface of the earth and 
designated by d in Figure 14 is usually negligible. 
For a transmitter height of 1,500 meters, the error 
in assuming rz = d is 0.04 per cent at a distance of 
161 km and height of 6,900 meters, and 1 per cent 
at the same distance but at a height of 22,500 meters: 
As the transmitter height is increased, the error is 
increased. 


Equivalent Heights 


In order to express the slant range ry in terms of the 
curved distance d to a higher order of accuracy, the 
cosine law is applied to the triangle, transmitter- 
receiver-earth center. This gives the equation 

t¢ = (ka + hy)? + (ka + he)? 


— 2(ka + hi) (ka + he) cos (2) c 
ka 


Selecting the relatively important terms of the order 
@hyh, and d‘(hy + he), as well as powers of d higher 
than the fourth, the above equation reduces to 


& & 
rg = @ + (he — hy)? + = (i + hy — =). (57) 


Solving equations (13) and (14) for h and hz gives 


These results may also be expressed by saying that 
the distance from the surface of the earth to a plane 
which is tangent at a distance d; from the trans- 
mitter is d2/2ka. 

Hence for a transmitter of height h; above the 
ground the height above the tangent plane at the 
reflection point, the so-called equivalent height is, to a 
first approximation, 


d. 2 
hy =h— aa ‘ (58) 
and for the receiver the equivalent height is 
d, 
he’ = ho — —. 59 
2 ata (59) 


The equivalent heights are shown in Figure 14, 
which illustrates the geometry of the spherical earth 
having an effective radius of ka. 


Angles 


Referring to Figure 14 and remembering that the 
angles are greatly exaggerated in the figure, it is 
seen that 


7 , 
any (60) 
d, Qy 
ho d 
tan y = —-—, 61 
Me ke VO eH st) 
he — hy d 
t = —- — 62 
an Wa 5 ae (62) 
d 
veyr+—. (63) 
ka 


Angle y must be evaluated in order to determine the 
reflection coefficient. Angles yz and »v determine the 
antenna pattern factors F; and F2, which are shown 
in Figure 11. The angle y is significant in coverage 
calculations and angular approximations. 


Determination of Reflection 
Point (d,) 


Since several equations of the two preceding 
sections depend upon di, it is necessary to be able 
to determine this distance when the transmitter 
and receiver heights are given and the distance 
between them is known. Let 


he : ao), (64) 
and 
ie ae (+0), (65) 
so that 
a,=2G=0, (66) 
2 
endl m=BFBa—9, (67) 
where b= eae ; (68) 
cena 
and c= lgendliz : (69) 
hy + he 


Assume h; > fie and d; > db, so that 6 and c¢ will 
always be positive. This is always possible because 
of the principle of reciprocity. From equation (60), 


or 


HSS =. (70) 
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Substituting for d; and d, from equations (64) and 
(66), 


hy + e(-£) A 


d 1+ 5 Aka 
_h+th/l—c\ da —5) 
a \et 4ka ~ 


Simplifying, 


The procedure for calculating d; when hy, he, and 
d are given is as follows: 


1. Compute c = Lit 
hy + he 

2. Compute m = PRO ORS é 
Hea(ha + In) 


3. Read b from Figure 15. 


d 
nth, 2(c—b) _ bd te Calbia ch (ae 


d 1-0 2ka 


It should be noted that h; may be the height of 

either the transmitter or receiver. The only re- 

strictions are that hi > h, and d; represents the 
distance from hy. 

Another method will now be given for calculating 

@ d,. This method will be particularly useful when 

ae AAG ot) (72) d,/d << 1 and will be applied in Section 5.5.8 on 

generalized coordinates. Let 


Solving for c, 
c=b-+ bm(1 — 8’), (71) 


where 


To determine d;, equation (71) must be solved 


Hee ; d;=sd, s<1. 73 
for b. This is a cubic equation, which is easily solved 4 g (73) 
when 2n is small in comparison to unity. However, Hence 
for m values comparable to unity, or larger, it is d, = (1 — s)d. 


easier to plot a series of curves showing c as a func- 


: From equation (70) 
tion of m for assigned values of b ranging from 


0 to 1. These are straight lines with a slope of hie eisai) ce pe temas (Is) ¢, 
b(1 — 6?) and are given in Figure 15. sd 2ka (1 —=s)d 2ka 
= 100.90 
0 SSS: 
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SS SES ee. 
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Ficure 15. Graph for obtaining b for given values of cand m. (Marconi, Ltd.) 
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Simplifying, 
1 kahy 


Se —o[ 0 +h 2] + = 0. (74) 


If s << 1, the terms s* and s? may be neglected 
to a first approximation, and 
hy 
Lap Rte Me (75) 
Cah In) 2ka 

If d << dz, hy is well above the line of sight and s 
reduces to 

{ae (76) 

hi+ d 

Equation (76) is the plane earth formula. 

Curves showing s as a function of h2/h; and 
d/dy are given in Figures 19 and 20. These may be 
used for the direct calculation of d; = sd within the 
limits of interpolation. 


Path Difference 


Referring to Figure 14, the path difference A 
for a spherical earth is equal to 


A=r— rq = Vd? + (hi! + hy’)? 
—Vd? + (he! — Iy')?. (77) 
It is usually sufficient to expand the square roots 


and neglect powers and products of hy’ and h,’ 
beyond the second. This gives 


ae he! ; (78) 


which is the same as the plane earth formula when 
hy’ and h,’ are written instead of h, and fz. Equation 
(78) is accurate to within 1 per cent for values of y 
(the angle at the base of the transmitter) less than 
about 8 degrees. The error is less than 10 per cent 
for values of y less than about 24 degrees. When 
equation (78) is not sufficiently accurate, the follow- 
ing may be used: 


A=r-T, = 


hy’ he! 


Ee ? 79) 
Va? + (ha!) + (he!)? 


A=r— Ta 
provided 

1 (fy')? + (he’)? 

2 ad 
All the above equations for the path difference 
depend upon: the distance to the reflection point dj. 
However, the calculation of d, may be eliminated 
by first computing the path difference from the 
plane earth formula and then subtracting the correc- 


tion term A(Az). Thus : 


A= A,— A(A,), (80) 


<<l. 


where 
2hyhe 
= d ) 


Ap 


and where 
550 
ins? A (Ap) , 
is given in Figure 16, plotted against 
d d 1 


dy V2ka Vij + Vig 
If he < My, interchange hz and h; on the curves and 
ordinate of Figure 16. 
The maximum value of A (A,) is 

A (Ap) mex = 5.33 X 107 2B) (81) 
If the plane earth correction factor is negligible for 
the wavelength under consideration, the plane earth 
formula may be used throughout the whole range 
within the optical region, not only for the given value 
of h2/h; but for all lower values of hz/h, with the 
same hy. 

When x >> hy, so that the reflection point is 
much closer to the transmitter than to the receiver, 
a good approximation to A is obtained by replacing 
hy’ by hy and hy! by hz — d?/2ka in equation (78). 


IGE i) imal 
erie ae 


A 


—+—t 
Sep tains EC 


+ 14 
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Figure 16. Plane earth correction factor versus ae 
(Radiation Laboratory.) dy, 


Then 


which, to the same approximation, means that 
A & 2h; tan y. (82) 


In general, equation (82) is an improvement over 
the plane carth approximation except close to the 
transmitter and at low heights where h, is not much 
greater than fy. 
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The dependence of path difference upon distance 
and height may be seen by considering the path 
difference parameter 

_ kaa 

Indr 

Since he’ = hy'd2/d,, it follows from equations (78) 
and (59) that 


(83) 


d? \2 
i Qhy'ha! _ 2(Ii')?dz _ 2de he ( a) 
d dd, d d, 
and 
{1—(di/dr)?? 
di/dr 


Hence, using dy? = 2kahy, 


p=-@ 
d 


x 


_ 2h? (d\ [1 — (hh/dz)’? ot 

age ee 

= iS _ o/ 2) [1 = (di/dr)??P (85) 
d/dy di/dp 


The form of this expression suggests the introduction 
of two new dimensionless parameters 


d 
=—andign ee 86 
aun v ‘a (86) 


In terms of these parameters, equation (85) for R 
assumes the form 


z= (1-2)S—PY, (87) 
v Pp 
and in terms of s and v 
R= (ey mca) (88) 
sv 


Divergence Factor 


The reflection of a beam of radiation from the 
spherical earth increases the divergence of the beam 
and reduces the intensity of the reflected wave by 
spreading, as explained in preceding text. This is 
taken into account by introducing a divergence 
factor D, less than unity, which appears in the formu- 
las as a multiplier of the plane earth reflection coeffi- 
cient. Expressions for D are 


1 


Vi + 2hi'he!/kad tan? y 
Using equation (60), D becomes 
1 
Ss 10 
V1 + 2d,d2/kah'd « CY) 
If &— d, 
A <3°) (91) 


7 Via oh! /ka tan? y 


and if y is small, so that tan y —>y, 
1 


7 Vion /kay? 


(92) 


Parameters p and q 


Useful expressions for the divergence factor, path 
difference, and receiver height may be obtained by 
use of the dimensionless parameters, 


dy dy 
= =2 93 
sisi, | Gp cy) 
and 
7-5 (94) 
or 
hs @= deed, (95) 


The divergence factor may be expressed directly 
in terms of p and g by modifying equation (90) as 
follows: 
jah aE 
V1 + 2d,2d,/kahy'd 

1 
ali jy ae as) Nee eines) 4(d2/d) (d2/2kah,) 
1— 1 = (@2/2kah,) 


D= 


where h;’ has been replaced by its equivalent ex- 
pression, given in equation (58). The above form 
of D shows that it can be expressed in terms of 
p and q only: 
1 
V1-+ 4p?q/(1— p*) 

Figure 17 shows contours of constant D as a function 
of,p and q. 

The path difference A may be written in terms of 
p and q by substituting into equation (78): 


(96) 


ae 2hy! he! i: 2(hi’)? do Ns 2de hy? (i— dy?/2kahy)? 
d dd, d d; 
Hence, on using equations (93), (94), and (95), 
2 — »y2)2 
iyo 2e Cae (97) 
dp Pp 


Figure 18 shows (1 — p?)?/p asa function of p. 

The receiver height he may also be expressed in 
terms of i, p, and g. This will be found useful in 
drawing coverage diagrams in which both hz and d 
are unknowns. From equation (60) 


or 


where D = 
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Ficure 17. is setts ctor D as a function of p and g or pand s. (Radiation Laboratory.) (p = 1 is the line of sight 
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Figure 18. (1 — p*)?/p as a function of p. (Radia- 
tion Laboratory.) 


Hence it follows that 


Since 


de \db <2] 
heen 
f 1G - - = )¢ 1 Frais 


d (l—ad aa 
ha = ba (— 1 \(1- p+ =). (98) 


Generalized Coordinates 


The distance from the transmitter to the reflection 
point d, and the ratio p may be eliminated by using 
the dimensionless coordinates 


(99) 
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ia 


CURVES | i 
64) | a a rece I BEeZ 
i 


fee ete ee 


(See Figure 14 


FicurE 19. sas a function of u and v. 
for definition of lengths.) 


d 
dr 
The advantage of this substitution lies in the fact 
that the coefficients of s = d;/d in the cubic equation 
(74) may be expressed as functions of u and-v only. 
Thus, 

hy 


k 1 
e—Se—4{ Ba.+m) - 4] + halt =o, 


(100) 


v= 


‘OC ia 7 


1 


3=0.6 


5 cy 


ri 


ry 
“Gr 


Ficure 20. s as a function of u and ». (See Figure 


14 for definition of lengths.) 


In terms of wu and 2, 

38, sfl+tu Dy 
Poaceae 1) += 8 
Figures 19 and 20 show contours of constant s 
plotted in u, » coordinates. The curves are parab- 


olas. 
The divergence factor D is given by 


1 


(101) 


(102) 


or D EE =———S—— 
V1 + 4p%q/(1 — p?)’ 
Pol ee s| + ha/hx) ] HPI Sopastar mee ce + 4p°q/(1 — p*) 
2 2 L d/(2kahy) 2d?/(2kah;) pe 
D:999.080 7.0 60 $0 45.0395 4.0 35 309 Ds9__27 2.5 


se 


i a 


DIVERGENCE AND PATH DIFFERENCE CONTOURS 


DIVERGENCE D 
— — — PATH DIFFERENCE R 


FicuRE 21. 


Contours of constant divergence factor D and path difference variable R. 


1.0 L2 14 1.6 1.8 


(Radiation Laboratory.) 
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ble R. (Radiation Laboratory.) 
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Figure 22. Contours of constant divergence factor D and path difference variable 


riable R. (Radiation Laboratory.) 


Ficure 23. Contours of constant divergence factor D and path difference vai 
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and 


=1>=]=1—s (103) 


@) 5 


Q 
Qa 


Since s is a function of w and »v only, it follows that D 
may be plotted in u,v coordinates. This may be 
accomplished by solving equation (96) with respect 
to q, which gives 

_@ =p) (=D) te 

4p*D? 

Equation (103) gives s=1—q; v= p/s, and u 
may be read from Figure 19 or 20. Contours of 
constant D are shown in Figures 21, 22, and 23. 

The grazing angle y is important in calculations 
for vertical polarization since it determines the 
magnitude and phase of the reflection coefficient 
for a particular frequency and reflecting surface. 
The grazing angle y may be expressed in terms of 
s, u, and », as follows. From equation (60), 


’ 2 
tan y = hie hs ( | ‘ (105) 
1. 


dh a \ kak 
Hence 
tany = Li sy’) = == — w) 
dz(sdfdr) dr Sv 

or 

tan y 1 1 

Te valet) 009 
and for k = 4/3, 

tan y 


= = 1 — 
Ais 2.4 X 10 (Z x). (107) 
From Figure 24, y may be obtained for given values 
of hy and sv = p. 

The generalized coordinates described in this 
section will be found highly useful both in field 
strength and coverage calculations. 


ILLUSTRATIVE CALCULATIONS FOR 
THE OPTICAL-INTERFERENCE REGION 


Introduction 


The general expression for the gain factor A in the 


interference region is obtained by combining equa-_ 


tions (44) and (7). Then 
A = AF, Va — K)?+ 4K sin? g. (108) 


The value of the radio gain is then given by equa- 
tion (3) and the value of radar gain is given by equa- 
tion (5). The value of the radical which defines the. 
interference pattern has a range of values between 
0 and 2. The extreme values can occur only when 
K =1 (p = 1, D = 1, F./Fi = 1); the value 0 
(nulls) is then given by sin? (0/2) = 0 and the value 
2 (maxima) is given by sin? (Q/2) = 1. 


In general, the value of A lies between the two 
extremes 


A = AoF; (1 + Kk), 


the positive sign giving a maximum and the negative 
giving a minimum. At any other point, the value 
lies between these two extremes. For range calcula- 
tions (which involve maxima), the variation in A 
is from 1 to 2 times the free-space value, according 
to the value of K, so that in practice a quick rule of 
thumb for range may be devised. Assume (1 + K) 
equal to 1.9 for favorable conditions (sea water, 
horizontal polarization, or, in the case of vertical 
polarization, small grazing angles) down to (1 + K) 
= 1 or K = 0 for propagation over rough terrain. 
The problem of finding the range is thus reduced 
to a problem for free space. In range calculations, 
P;/P, is given by the ratio of minimum detectable 
power to power output. A is then determined by 
equations (8) or (5), and the range is given by find- 
ing d from the relation (writing Ay = 3d/87d) 


AS (2) +8). (109) 


More detailed calculations are presented in this 
section. However, the assumption is made generally 
that the reflection coefficient is equal to —1 (e., 
p = 1 and @ = 180 degrees) and that the direct and 
reflected rays do not differ appreciably on account 
of the shape of the antenna beam pattern (F2 = F). 
For large distances over sea water, these assumptions 
are approximately realized. For most of the calcula- 
tions it offers no inherent difficulty to consider the 
effect of directivity or of a reflection coefficient 
different from — 1 but may require considerable 
additional calculation. 

For convenience, the formulas required in the 
calculations are recapitulated here. Putting p = Fy 
= F, = 1, equation (108) takes the form 


N= Ao ( — D)? + 4D sin’ > (110) 
or, in decibels, 


20 log A = 20 log Ay+ 10 log [a — D)?+ 4D sin? 2 


The reflection point variable 


dy dy 
jos 111 
dp V2kahy oD 
= es alee — (whenk = 4/3) 
(4120 Vix) 


will be used extensively. It has been found that the 
interference pattern is very sensitive to slight changes 
in p, so that an accuracy to the fourth significant 
figure is generally required. 

The path difference variable Ris related to p = di/dr 
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Figure 24. yas a function of h, and p=sv=d,/d7. [See 
equation (107).] (See Figure 14 for definition of lengths.) 


and v = d/dr by the equation 


e-(-Domm 


(112) 


Resolved with respect to 1/v, this equation assumes 


the form 

ie =( a, MED ) 8 

D0 Qin) Dien 
Another convenient expression for R is obtained by 
replacing, in equation (83), the path difference A 
by nd/2, where n (see below) may assume any posi- 


tive value. Substituting V2kah, for dy, equation (83) 
assumes the form 


(113) 


R=nr, (114) 
where 
1 [ka X 
pa aa|eee et 115 
2° 2h??? Go) 


ner 


or r = 1030 " 
hi? 


(fork = 4/3). 
A graphical representation of r is given in Figure 15 
in Chapter 6. 

Then for a reflection coefficient of p = 1,@ = 180 
degrees (i.e., 6’ = 0), equation (29) gives 


On IN ee 
r 


(116) 

If r is fixed, a complete pattern of contour lines 
(along which A is constant) is determined. Take as 
independent variables p and n (rather than u and v). 
A given choice of p and n determines & by equation 
(114), 2 by equation (116), v by equation (113), 
s by equation (118), w by equation (121), D by 
equation (117), and finally 20 log A by equation 
(110). By varying r, new patterns are obtained. 
Accordingly, r may be called a pattern or chart 
parameter (see page 446)..3). 

The lobes on the charts depend on n, in accordance 
with equation (116). Accordingly, for p=1, 
@ = 180 degrees, n is the lobe variable. For the 
first (lowest) lobe, n = 0 gives the first null, n = 1 
gives the first maximum and n = 2 the second null. 
For the second lobe, m varies from 2 to 4, with a 
maximum at n = 8, and so on. It should be remem- 
bered that if n < 1, corresponding to the lower side 
of the lowest lobe, the value of the field (or of A) given 
by the optical formula is too low. A more accurate 
value can be obtained by joining the curves found 
in the optical and diffraction regions into a smooth 
overall curve. 

Combining equations (102), (103), and (113) gives: 
the divergence factor D, 


4 4) =P -1/2 
belie | -[(+—22 
@ = 7) TP a 
(117) 
The variable s = d;/d is 
s = p/2, (118) 
and, repeating equation (101), 
2. sfiltaw ) 1 
si fg —= -i)+—=0. (1 
2 2 ( ve i Qu? ee) 
In terms of p, equation (119) becomes 
2p* — 3p*v + pv? —u—1)+v=0. (120) 
Equation (120), resolved for v and wu, gives 
1 1 z 
“sot 
2 Pp p 
(121) 


wu = 2p? — 3pv + — —1-+ 2% 
Pp 
Some useful approximations : 
For v large,q— land R = £ (1 — p?)? ap- 
Pp 


proaches the value 


Ree a 
P 


(122) 
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which, solved for p, becomes 


pale NAS 


123 
7 (123) 
IfkR>2, 
1 
~=. 124 
pee (124) 
If R <2, 
3-—R 
~~ + 125 
D i (125) 
For R > 3, 
Dw~1l. (126) 


The calculations will be divided into four types. 

Type I. The direct calculation of the radio gain 
(or field) when the heights and distance apart of the 
antennas and the wavelength are given. 

Type II. The calculation of the radio gain as a 
function of the receiver height he when the trans- 
mitter antenna height h;, distance d, and wavelength 
d are given. 

Type Ill. The calculation of the radio gain as a 
function of the distance d when the transmitter 
antenna height h;, receiver height he, and wavelength 
are given. 

Type lV. The calculation of the possible positions 
of the receiver in space (h2,d) when the radio gain 
will have the given value for given values of the 
gain factor A, the transmitter antenna height h,, and 
the wavelength . Special cases, such as the re- 
ceiver antenna height, hz for given d, or d for given ho, 
can be solved by use of the curves in Type II and 
Type III. 

This type of problem is of importance in estimat- 
ing the range of a set when the minimum detectable 
power of the receiver and power output of the trans- 
mitter are known. 


Problem of Type I. Radio Gain 
for Fixed Heights and Distance 


The radio gain at a given receiver is to be found, 
their heights, as well as the wavelength being given. 

The polarization is assumed horizontal, the 
effective earth’s radius 4/8. 

The following data are assumed. 


Transmitter height: h; = 50 meters 


Receiver height: he = 1,500 meters 
Distance apart: d = 100 kilometers 
Wavelength: \ = 1 meter (f = 300 mc) 


Gains (over doublet): Gi: = Gz = 100 (20 db) 


Onr-Way TRANSMISSION 


1. d;, = 188 kilometers (Figure 2). d <d,, so 
that the receiver is in the optical region. 


2. The u,v coordinates of the receiver are 


dp = V2kah, = 29,100 meters 
pees A are 
dr 29.1 

3. Referring to Figure 19, s (= p/v) is estimated to 
be 0.05. Since the result is very sensitive to slight 
changes in s, it is desirable to improve the value of s. 
In Newton’s method, the next approximation, using 
equations (101) or (119), is 


ae — 3 — 
o=3— Lia) ee SSC (127) 
Fs) a¢—gs—t[ 144 _ 4] 
2 ve 


s’ = 0.04794. 
The next approximation gives the same result. 


4. Using the above value of s’ and the relation 
p = sv (v = 3.48), pis equal to 
p = 0.1645. 


With the value of p = 0.1645, equation (117) and 
Figure 22 give the value 


D = 0.95. 


5. The path difference variable R is obtained from 
equation (112) or Figures 21, 22, 23, as 
R = 5.477. 


6. The number 7, from equation (115), is 2.91, so 
that the lobe number 7 is 


= 1.88. 


n= 


i) 


Hence the receiver is on the upper part of the first 
lobe close to a null. 


7 Q = nm = 5.9 [see equation (116)], 
© _ 995, 
y 


sin? 2 = 0.0353. 
2 


8. To use equation (110), the value of the free- 
space gain factor Apis needed. Figure 3 in Chapter 2 
gives 

20 log Ay = — 118. 
Substituting in equation (110), 


log A = 20log Ao + 10 log (0.0025 + 0.1342) 
= —118 —8.642 —127 


By equation (8), using gains of 20 db, 


10 log = 2 pyar 4 27, 


1 
Accordingly the radio gain is —87 db and the received 
power is given by 
: P, — P,10°°”. 
Suppose the receiver has a minimum detectable 
power of 10° watt, then the required minimum 
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power output under the given conditions would be 


P, = P, x 10%’ 
= 10-'° x 10°7= 107! watts. 


RapDaR 


Suppose that, instead of a receiver, there is a target 
at the same position with a radar cross section of 
o = 50 square meters. The value of P2/P; at the 
radar receiver can be found from equation (5) using 
the value of A found above and the given values 
of o and X. If the radar uses the same antenna for 
transmitting and receiving, G; = Gz, which in this 
case is 100 or 20 db, and the radar gain 


10log = SONEGne 10 log = + 10loge 
1 


+40 log A — 20 logy}, 
= 40+ 7.5 + 17 — 254 — 0, 
— 189.5 db 


This gives P; = 10®° watts, which obviously is unat- 
etainable. 


Errect oF VERTICAL POLARIZATION 


The general value for K in equation (108), when 
the reflection coefficient p differs from — 1 and 
F. 2/, F. i= 1 is 


K = pD. (128) 


© im equation (108) is no longer given by equation 
(116) but is the sum of two phase shifts, one caused 
by path difference, (R/r)x = nz, while the other is 
’ = > — 7, the difference between the phase of the 
reflection coefficient and that for perfect reflection. 
Hence 


Oe Eg Hon. (129) 
r 


The lobe variable (for imperfect reflection) is 
now N, defined by 


Q = Nr (130) 


rather than n = R/r. The relation between N and n 
is derivable from equation (129), giving 


Wey ace OP (131) 
vis 
The propagation is assumed to take place over 
sea water. The angle between the reflected wave 
and the earth is given by equation (107) or Figure 24, 
and is 
W = 0.582°. 


From Figures 14 and 15 in Chapter 4, 

od = 168°, p = 0.76. 
The lobe variable N, in terms of the old lobe variable 
(for p = 1,¢ = 180°), by equation (131), is 


N = 1.88 — ace 1.81, 
180 


The fact thet N <7 signifies that the lobe for 
vertical polarization (other things being equal) has a 
greater angle of elevation than the lobe for hori- 
zontal polarization. 


K = pD = 0.76 X 0.95 = 0.722 
The value of 10 log [« — K)? + 4K sin? | 
= 10 log 0.322 = —5. 
Therefore, for vertical polarization, 
20 log A = —118 — 5 = —123, 


which may be compared with the value 20 log A 
= —127, obtained for horizontal polarization with 
p=1. 


° Type II. Radio Gain Versus 
Receiver Height for Given Distance 


Radio gain versus receiver antenna height are 
to be found, while transmitter antenna height, 
wavelength, and distance are given. 

Suppose that a radar set has an antenna height 
of 30 meters, and an antenna gain of 13.5 db. Polari- 
zation is horizontal and the wavelength is 1.5 meters. 
Assume also a receiver with a gain of G2 = 1 (or 0 db) 
at a distance of 100 km. 

The following calculations are made: 

1. The variation of the radio gain P2/P;, with 
receiver antenna height hz is to be found. 

2. Instead of a receiver assume a target with 
cross section of 50 square meters. The value of the 
radar gain P2/P, at the radar receiver is to be found 
as a function of target height ho. 

The diffraction part of the calculation is given on 
pp.413-416 ; the optical part in this section. The 
results are represented in Figure 25, the two partial 
curves for one-way transmission having been com- 
bined into a smooth overall curve which makes pos- 
sible the estimation of 10 log P:/P, in the transition 
region near the line of sight. The radar gain varies as 
40 log A [equation (5)] rather than as 20 log A and 
contains a constant shift 10 log [G2(1670/9n2)] 
rather than 10 log GGo. 


Ravio Garin: ONE-Way TRANSMISSION 


The calculation is most readily performed by using 
p = d;/dr as the independent variable and then 
finding the corresponding values of he, the receiver 
height, and A. 
1. From Figure 15 in Chapter 6 or equation (115), 
r = 9,403. 


398 PROPAGATION THROUGH THE STANDARD ATMOSPHERE 


For n = 1, corresponding to the first maximum, 
p is approximately 1/r, since R = nr > 2. Accord- 
ingly, we begin with p = 0.1. 


2. dp = 22.5 km (from Figure 2), and 


3. From equation (112), 
R = 9.58. 

4, From equation (121), 

“u= ae = 62.028 

hy 
_ and hence 
he = 1,861 meters. 
5. At d = 100 km, the free-space attenuation 

(Figure 3 in Chapter 2) is 

20 log Ay = — 115. 
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Figure 25. Radio gain in decibels versus height hz. 
Horizontal polarization. 


6. Compute the factor 


“| (1 — D)?+.4D sin’ 
From equation (117) 


D = 0.980, 
== = 1.010, 
r 


& 


Q = nm = (1.019) - (8.1416) = 3.19 radians, 
we 1.60 radians, 
2) 

sin? : = 0.9992. 


From Figure 12, 


20 log Va — D)?+4D sin? = 6 db. 


Hence 
20log A = 


10 log = = — 109 db + 10 log GiG2 = — 95.5 db. 


1 
7. The foregoing values, together with results 
obtained with other values of p, are listed in Table 1. 
The value of P2/P; [equation (8)] is represented 
graphically in Figure 25. 


— 115 db + 6db = — 109 db, and 


Rapar Gain: Two-Way TRANSMISSION 


Knowing the values of 20 log A, the corresponding 
values of P:/P; are given by equation (5). Taking 
G, = G2 = 18.5 db, 1677/9 = 5.58, \ = 1.5, 


Ps 


10log = = =274+7.5+17 + 40log A — 20log 1.5, 


= + 40logA + 48. 


Type Ill. Radio Gain Versus 
Distance for Given Antenna Heights 


A radar used over the sea has a wavelength of 
1.5 meters. The transmitter is 30 meters above 
sea level and the target is at an altitude of 1,000 
meters above the sea. The power gain of the trans- 
mitting antenna is 13.5 db, the polarization hori- 
zontal. The one-way radio gain is to be found as a 
function of distance. Also, the radar gain at the 


TABLE 1* 
Radio Gain Radar Gain 

R h 3 D 101 = 10 | zn 

Pp s 2 wD t °8 Py 6 Py 
0.15 6.16 0.0337 1,396 0.655 1.03 0.96 5 —96.5 —172 
0.1 9.58 0.0225 1,861 1.019 1.60 0.98 6 —95.5 —170 
0.05 19:68 0.0112 3,216 2.09 3.29 0.995 —11 —112.5 —204 
0.04 24.70 0.00898 3,885 2.63 4.13 0.997 4 —97.5 —174 
0.03 33.05 0.0067 5,005 3.51 5.52 0.998 3 —98.5 —176 
0.02 49.74 0.0045 7,235 5.29 8.31 0.999 5 —96.5 —172 
0.01 99.76 0.0022 13,917 10.61 16.67 1.000 4 —97.5 —174 


* See also Table 5. 


t 20 logy (1—D)? + 4D sin? (@/2). 
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Ficurer 26. Radio gain (in db) versus distance. 


radar set by echo from the target of cross section 
o = 10 square meters is to be calculated. 


Rapro Gain:OnE-Way TRANSMISSION (see Figure 26). 

1. The number r from Figure 15 in Chapter 6 or 
equation (115) is found to be 9.403. 

2. u = he/hy = 33.3. 

3. For r > 2 and n = 1, 7p is approximately equal 
to 1/r. Hence we start with p = 0.1. 

4. Equation (121), with p = 0.1 and u = 33.3, 
givesv = 2.76. 

5. From equation (112), R = 9.445, 

6. n = R/r = 1.005. Hence the target is on the 


first G.e., lowest) lobe. Moving in the direction of 
increasing distance, the target soon approaches the 
first maximum. To get points beyond, i.e., n. < 1, 
we need greater values of p but it is not necessary or 
desirable to go below about n = 0.8, since the curve 
beyond n = 0.8 is generally in the transition region 
in which the curve is more easily and more accurately 
obtained by joining the optical and diffractive curves. 
The diffractive part of the calculation is given on 
pp. 404-432.Accordingly, in Table 2, the values of p 
are taken only slightly above p = 0.1 (correspond- 
ing to n = 1) and are diminished to find points at 
the nearer distances. 
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Taste 2. 10 log G, = 13.5 db; 10 log G-=0.0db; \ = 1.5 meters; h; = 30 meters; hk: = 1,000 meters; >=10 m*, 
RadioGain Radar Gain 

2 Ps P, 

Dp v d(km) R n D 2 2 20 log Ap 20logA 10 log P, 10 log P, 
0.12 3.098 70.49 7.78 0.83 0.97 1.30 5.6 —112 —106.4 —93 —172 
0.11 2.934 66.75 8.54 0.91 0.98 1.43 6 —111 —105 —92.5 —170 
0.10 2.755 62.68 9.45 1.005 0.98 1.58 6 —110 —104 —91.5 —169 
0.09 2.561 58.25 10.55 1.22 0.98 1.76 6 —110 —104 —91.5 —169 
0.08 2.349 53.45 11.92 1.27 0.99 1.99 5.2 —109 —104 —90 —167 
0.07 2.119 48.21 13.68 1.45 0.99 2.29 3.5 —109 —105.5 —92 —170 
0.06 1.870 42.54 16.02 1.70 0.99 2.68 —1 —107 —108 —94.5 —175 
0.055 1.738 39.22 17.50 1.86 0.99 2.92 —7.5 —106 —113.5 —100 —186 
0.05 1.600 36.4 19.28 2.05 1.00 3.22 —16 —106 —122 —108.5 —203 
0.045 1.457 32.89 21.45 2.28 1.00 3.58 —1.5 —105 —106.5 —93 —172 
0.04 1.311 29.59 24.16 2.57 1.00 4.04 +3.8 —104 —100 —87 —159 
0.035 1.158 26.14 27.64 2.94 1.00 4.62 6 —103 — 97 —79.5 —153 
0.03 1.002 22.62 32.28 3.43 1.00 5.39 +2 —102 —100 —86.5 —159 
0.025 0.841 18.98 38.67 4.12 1.00 6.48 —8 —100 —108 —94.5 —165 
0.02 0.678 15.30 48.49 5.16 1.00 8.10 5.7 — 98 —104 —91.5 —167 
0.01 0.345 7.79 97.08 10.33 1.00 16.22 0 — 92 — 92 —78.5 —143 


* Lobe pattern factor = 20 log Va —D)* + 4D sin? (0/2). 


7. To find A, we need first the free-space value Ao, 
which is given in Figure 3 in Chapter 2 as a function 
of d. Since dp = 4.12 V30 = 22.6 km, the value of 
d corresponding to v = 2.76 is d = udp = 62.3 km, 
and 20 log Ap = — 111. 

8. To find the value of 


Q 
10 log 4) ( — D)??+ 4D sin’ >> 


we need D. Since n is practically unity, correspond- 
ing to the first maximum, sin? (2/2) may be taken as 
unity. Hence the radical reduces to 1 + D. Calcula- 
tion using equation (103) and Figure 17 gives 
D = 0.98, and hence 
1+D =1.98, 
20 log (1 + D) = 6. 


Since the transmitting antenna gain G; is 13.5 db, 
and assuming the receiving antenna gain to be 0 db, 
10 log (P2/P1) has the value 20 log A + 13.5 or 


P, 
10 log Ba 


= he Na — D)+ 4D sin? 5 GiG2 + 0.0db 


— 111 db + 6-db + 13.5 db 


= — 105-+ 13.5 = — 91.5 db. 


Repeating the process for other values of p, a 
table of 10 log (Ps/P;) versus d is obtained. These 
points have been plotted in Figure 26, together with 
the points in the diffraction region obtained with the 
data given on pp.413- 416. For sketching in the 
optical part, the value of n is kept in mind, since 
this indicates on which lobe and where on the lobe 
the point lies. 


Rapar Gain: Two-Way TRANSMISSION 


To change from 20 log A = — 105 to 10log (P2/P;) 


at the radar receiver, using equation (5) and G; = G2 
= 13.5 db, 


10 log (P2/P1) = 27 + 7.5 + 10 log « — 20log 1.5 
+ 40 log A, 
= 27+ 7.5 +10 —3.5+ 40log A, 
= 41+ 40log A = — 169db. 


Type IV. Determination of Con- 
tours Along which the Gain Factor 4 
Has a Given Value, the Transmitter 
Height and Wavelength Being Given 


This is the so-called coverage problem which is 
treated in greater detail in Chapter 6. While the 
usual coverage diagram is derived on the basis of 
one-way or communication formulas, the diagram is 
still useful for radar since a target wil! return more or 
less energy to the receiver according to its position 
on the coverage diagram. The contour gain factor A 
is readily converted to P2/P, for either one-way 
or radar by means of equations (8) and (5). 

The method described here is more accurate than 
the graphical methods given in Chapter 6. It is best 
suited for finding maximum lobe ranges correspond- 
ing to a given radar gain. If A is given, and hz for a 
given distance d is wanted, a curve can be drawn as 
that for Type Iland then fz: found for the given 
value of A. 


PROBLEMS 


A radar set operating over the sea has a trans- 
mitter with antenna height of 30 meters and a wave- 
length of 1.5 meters. As in the previous problems, a 
receiver with an antenna of 0 db gain is assumed in 
place of a target and the gain of the transmitter is 
again assumed as 13.5 db. The polarization is hori- 
zontal. The gain factor A, for illustration, is chosen 
as —130db. Positions of the receiver are to be 
found at which the gain factor takes that value. 
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In Chapter 6, purely graphical methods of de- 
termining the contours (lobes) are given. Here we 
are concerned with finding individual: points on the 
contour. Thus, for example, n = 1 if the tip of the 
lowest contour is wanted (as in range determination). 
Points near the tip require values of n near 1, such as 
n = 1.2 or n = 0.9. For the next higher lobe, the 
tip of the lobe corresponds to n = 3 and so on. The 
nulls are at n = 0, 2, 4,.... However, while the 
optical formula gives a null at n = 0, that is, near 
the line of sight, the true value of the field, or of A, 
is greater. To obtain the correct result, the contours 
for the diffraction field (pp 413- 416) and those 
obtained for the optical region should be merged 
into smooth overall curves. 

For values of r > 3, R = nr> 38, the tip and upper 
part of the lowest lobe, and the higher lobes, by 
equation (126), have a value of D close to 1. Con- 
sequently, equation (110) reduces to 


Amom sin 5. (132) 


If n is given, sin 22/2 is determined and the calcula- 
tion can be performed as a free-space calculation. 
In terms of d, the equivalent free-space distance 
do, corresponding to A is given by Figure 3 in Chapter 
2 and is equal to 


a edasin - (133) 


In the stated problem r > 3, so that the free-space 
calculation suffices. This is given in paragraph (1). 
In paragraph (2), the method including the diver- 
gence is given. 


1. Free space. In the given problem, r = 9.4, so 
that the simplified calculations should be sufficient. 
The value of dp corresponding to 20 log A = —130 
is found from Figure 3 in Chapter 2 to be 566 km. 
Hence by equation (133) for n = 1, the true distance 
d for complete reinforcement by the reflected wave 
is twice as much and - 

d = 2-(566) = 1,132 km. 
For n = 1.2, 0/2 = 0.67 [from equation (116)], giving 

d = 2.(566) sin (0.67), 

= 1,076 km. 

To find the corresponding height he, a curve of the 
type on paga 397 is needed for —20 log A versus 
height. From this, the height corresponding to 
20 log A = —180 can be read. Alternatively, the 
calculation given later in (2) will determine both 
d and he. 

If instead of A, either the radio gain or radar gain 
is given, A is first found from equations (8) or (5). 


2. Calewation including divergence, n = 1. As in 
the previous problem, r = 9.4 (from Figure 15 in 
Chapter 6). A convenient value of p, approximately 
equal to 1/r, is selected. In this case, we take 
p = 0.1. This value is then improved by applying 


Newton’s method p; = p — Sp) to the equation 


J'(p) 
eS ee Mi ep 22 
S(p) = ae ql (1 — D)? + 4Dsin Be (134) 


remembering that D is a function of p as given in 
equation (117), where % is the value of v which corre- 
sponds to the distance do at which the given value of 
A would occur in free space. 

If n = 1, equation (134) reduces to 


ea)! (135) 
Vo v 
The correction formula corresponding to equation 
(134), denoting by p; the improved value of 7p, is 


v— Uo 


Ja — D)? + 4D sin? (2/2) 

oe 3(1 — | a +f) 
pp?! 4pD ee ales AG —p? 

(136) 


Pi =p 


The correction formula corresponding to equation 
(135) (n = 1) is 


b_@£5) 
Vo Vv 
Pi=?p ee (ee a (137) 
p?D? 2p \1 — p? 


Taking n = 1, d) from A = 3d/87d) (or Figure 3 
in Chapter 2) is 566 km, and 


Taking p = 0.1 as an initial value as explained above, 
then D is found to be 0.9788 [equation (117)]. 
Using R = nr = 9.4 and equation (113), 


v = 165.6. 
Substituting these values in equation (135) gives 
pi = 0.10385. 


Repetition of this procedure requires no change in 
these five figures. Accordingly, for n=1 and 
A = —130db, p = 0.10385. The corresponding 
values of D and v are 

D = 0.9789 

y = 49.38, d = 1,110 km. 

In (1) d was found to be 1,182 km. Now s = p/v 

= 0.0021. From equation (121), 


u = — 2.898 
h 


1 


he = 86,940 meters. 


For n = 1.2, the calculation proceeds as for n = 1 
except that equation (134) rather than equation (135) 
is used: 

R = 11.283. 


The value of p by successive approximations in 


402 


PROPAGATION THROUGH THE STANDARD ATMOSPHERE 


Sega gee esate See 
| HH at 
ch VV 
Lt /\/| AM 


HM 


a SSS ces Sea 


ho IN METERS—————_> 


a 
fo} 


a 
° 


fo) 


lB AH bie Gras Ee Ba 
nN 
fo) 


nial ny. [| S 
=a au aise : 
il) (FATA FOR 20 log A=-I30 
pean] LTA ia aaa X=! meter 


|_| HORIZONTAL POLARIZATION 


n n i | li 


i 100 200 400 600 1000 
d IN KILOMETERS—> 


Fieure 27. Maximum range versus receiver height hz for given values of transmitter height hy. 


equation (136) is found to be 


p = 0.08127 
» = 47.35, d = 1,065 km 
D = 0.9851 


s = 0.00184 
ips 2,772 
hy 


he = 83,160 meters 


3. Vertical polarization, p # 1, @ # 180° (sea 
water). The procedure given here is first to find 
the position of the point for a given n assuming the 
reflection coefficient to equal —1 and then find the 
shift caused by the change in the reflection coeffi- 
cient. For the most important case, n = 1, the new 
maximum distance is given by 


d = dy(1 + pD), (188) 
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where doy is the free-space distance corresponding to 
the given value of A. pis found from the value of , 


the grazing angle at the reflection point given by p’ 


found above in the calculation for p=1 and 
@ = 180°. For the new contour tip p changes, but 
the angle y does not change sharply, so that p and @ 
as found for the p obtained by the simplified calcula- 
tion is a close approximation. 

For p #1, d ~ 180°, 2 = 6+ ¢ — z= [see equa- 
tion (29)] consists of two parts. 6 = rR/r = (A/d) 2r 
= nrand d’ = d — x. Writing Q = Nz, N the lobe 
number for the case p ~ 1, @ ¥ 180°, the require- 
ment for the new lobe tip is N = 1; for the first 
maximum Q = 7 = Rr/r + ¢ — zw where R is the 
path difference variable at the new lobe tip. Hence 
the value of R at the new tip is given by 


R=r(2—¢/nz). (139) 
Using the results in (2), 
p = 0.10385, 
D = 0.9788, 
r= 9.4, 
dy = 566, 


we find from Figure 24 or equation (107), = 0.725°; 
from Figures 14 and 15 in Chapter 4, p = 0.76, 
¢@ = 170°. Substituting in equation (138), 

d = 566 (1.744) = 987 km. 


From equation (139), 
R = (9.4) (1.056) = 9.92. 
Also 


The above value of p can now be improved by 
substitution in equation (137) with D replaced by 
pD which gives 

p = 0.0985. 
In the calculation just made, p has been assumed 
constant. This can be checked by finding y as de- 
termined by the new value of p. The result is 
Ww = 0.766° and the corresponding values are p = 0.74 
(as against 0.76 previously) and @ = 169° (as against 
170°), which is good enough. We now find 


— P _ 0.0985 _ 9 ogg04 
v 43. 
Ig 2,359 
hy 
h, = 70,770 meters. 


Hence the new maximum point of the lobe is at a 
distance of 987 km and at an elevation of 70,700 
Meters, aS compared with a distance of 1,110 km 
and height 86,900 meters for perfect reflection. 


Maximum Range Versus Receiver 
(or Target) Height 


If the value of A has been determined by using 
the minimum detectable power in equation (38) 


or (5), the corresponding contour is a curve of 
maximum range versus receiver height for com- 
munication or maximum range versus target height 
for radar. Generally, the lower part of the lowest 
curve (n < 1) is of greatest interest. If A is suffi- 
ciently small (i.e., 20 log A numerically large and 
negative), the complete contour has points below 
the line of sight. If the transmitter antenna is low 
(li < 30° meters), the lower points are likewise 
given by the diffraction formula, discussed in text 
on pages 380-413. Several such curves, the lower 
part of the lowest lobe corresponding to various 
transmitter heights for \ = 1 meter and 20 log A 
= —130, are given in Figure 27. 

Consider, for example, the curve for h; = 2 meters. 
The uppermost points of the curve correspond to 
the tip of the lowest lobe and were found by the 
procedure used on pp.400-402, putting n = 1. 
The lowest points were found from the diffraction 
formula by the method presented before, with the 
aid of Figures 31 to 36. It has been pointed out 
that for n < 1, the optical interference formula is 
inadequate. ' 

To locate a point between the upper extreme 
(n = 1) and the diffraction points, a curve of A 
versus hp for some distance is constructed. In 
Figure 28, a set of such curves is given for the dis- 
tance 100 km and for various transmitter heights. 
By taking the intersection of 20 log A equal to —130 
with the curve h; = 2, a value of he is obtained. 
This value he = 3,300 and d = 100 km represent 
the coordinates of a point on the contour h, = 2 in 
Figure 27. 

It is of some interest to observe the shortening 
of the lobe for h: = 100 meters on account of the 
divergence which is close to unity at the tips of the 
lobes corresponding to the low transmitter heights 
but drops to 0.65 at the tip of the lobe for h; = 100. 
Since for h; = 100, the formula for both antennas 
low (h < 30X7’%) is not applicable, the lowest points 
on the curve h; = 100 in Figure 27 were obtained 
by applying the reciprocity principle to the curves 
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FiGurE 28. Radio gain versus receiver height hs, for 
given values of transmitter height h,. 
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already obtained. The distance at which h, = 160 
on the hi = 2 curve is the same as that at which 
ho = 2 on the h; = 100 curve. 


BELOW THE INTERFERENCE REGION 
Analysis of the First Mode 


Except for the numerical constants involved, the 
discussion for one mode applies to all the other modes. 
Each mode is of the form ®(d) - f(hx) - f(he), i-e., the 
product of a distance function ® by two antenna 
height-gain functions f. 


DISTANCE 

&,(d), the distance function of the first mode, can 
be represented as the product of two physically 
significant factors, one for free space and one for 
the earth effect. The latter may be divided into a 
plane earth factor and a shadow factor. 

1. Free space. It has been shown in equation (18) 
in Chapter 2 that for doublet antennas, with matched 
load at the receiver and adjusted for maximum 
power transfer, the free-space gain factor Ao is 
given by 


For other types of antennas in free space, this takes 
the form 


ARGRTS Nee = AGRE GD) 
1 8nd 

Unuer actual conditions when earth and atmos- 
phe ©eets are of importance, each mode will be 

con’: .cred to have Ao as one factor. 
It may also be recalled that for given power P2 
delivered to the load, the corresponding electric- 
field strength, under matched conditions, is given by 


8nV5 P. 
== ye (141) 


Combining equations (140) and (141) gives the 
free-space value of the electric field strength E, in 
terms of transmitted power 

E= Be VPWVGh , (142) 
which is the same as equation (7) in Chapter 2 with 
the addition of the transmitter gain G}. 

2. Plane earth. The earth modifies the field by 
absorbing and reflecting radiation. If the earth 
were plane and perfectly conducting, the value of 
the gain factor would be 2Ao and the electric field 
2E» for vertical antennas several wavelengths above 
the ground and at distances sufficiently large. The 
imperfect conductivity of the earth produces a 
change in the gain. Representing this effect by the 


factor A, (where A; < 1), 


A = 2A,A;. (143) 


The plane earth factor Ai depends on distance and 
on the electrical properties of the earth. Fortunately 
the earth constants enter the problem in an intrinsi- 
cally simple way, as the main effect is taken into 
account by multiplying the distance d by a certain 
factor which we shall denote by p’, so that A; is. 
mainly a function of p’d. The new parameter p’ is 
different for the two states of polarization. For 
vertically polarized radiation, 


’ _ 2n| &o 1| 
» l,l? 


where e, is the complex dielectric constant ¢, —j60a, 


P 


? 


1 _ an Ve = 1)? + (600d? 
rN 62+ (600A)? 


For horizontal polarization, 


or p (144) 


p= =| eé,—-1| = “EV, — 1)?+ (600d)2. (145) 


A, depends also on the phase of the complex di- 
electric constant. The phase is determined by the 
parameter 
€ 
: 600A oe) 

For ultra-short waves, with the exception of 
vertically polarized waves over sea water at distances 
less than 50/p’ (See text p- 416 and Figure 45) and 
a wavelength greater than 1 meter, A; is inde- 
pendent of Q and, to a sufficient approximation, is 
given by 

1 
Ay mie (147) 
A, as a function of p’d is plotted in Figure 56. 

In the case excepted above, A: deviates substan- 
tially from 1/p’d (see Figure 45) for distances less 
than 50/p’. Table 3 gives 50/p’ as a function of X. 
It appears that the deviations are immaterial for 
practical purposes as long as the wavelength is 
smaller than 3 meters, since we are usually con- 
cerned with ranges larger than 7 km. It should 
further be mentioned that, in the above case, A; 
depends to a small degree on @. However, the 
variations are less than 1 db and may be neglected 
for wavelengths less than 10 meters. 

The condition that the earth may be considered 
plane is that the shadow factor F [see equations 
(149) and (207)] shall be approximately unity. For 
F, = 0.9, which is approximately 1 db below unity, 


Taste 3. Sea water (vertical polarization). 
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n = $f(5) = 0.4 from Figure 58; f(6) in Figure 57 
is approximately unity, so that ¢ = sd=0.4. 
Since s, from equation (150) for k = 4/3, is given by 
4.43 x 107° it follows that d, for the plane-earth 
approximation to hold, must be less than 10*d!/%, 


d < 10*x'” (plane earth). (147a) 


3. Curved earth. The screening effect of the earth 
curvature results in a further decrease in gain. Well 
within the diffraction region, the shadow effect pro- 
duces an exponential drop in field strength with dis- 
tance, which is much greater for higher modes than 
it is for the first mode. 

Denoting the screening or shadow factor by F, 
and the distance gain factor by #:, we have 


@, = 2AcAiF,. (148) 


For the dielectric case 5 > > 1 and for distances 
greater than 1.5/s, the shadow factor is 


F, = 2.507(sd)9/? ¢ 1-87 (e4)_ (149) 


| 1 ie 

SLX Gayl 

=: Leis rota) 
3k 


Equation (149) gives the value of the shadow 
factor for the first mode only. In Figure 32, the 
curve marked “dielectric earth” is a plot of the 
shadow factor evaluated by using all terms or modes. 
However for sd > 1.5 only the first mode is impor- 
tant. Consequently, equation (149) represents this 
curve accurately for all values of sd larger than 1.5. 


where 


(150) 


Hetcut-GaIn 


For antennas at zero height, the height-gain 
functions f are equal to unity, so that equation (148) 
represents the actual value of the first mode -for 
both antennas at zero height. 

When the antennas are raised above the ground, 
it is convenient to distinguish between low and high 
antennas, the division between the two cases being 
given by the critical height h, = 307°. 

1. Low antenna; h <h, = 3007". For a low 
antenna, f is a function of Jh and of Q, where lis a 
quantity that depends on the complex dielectric 
constant and is given by 


amp’ 
l= V2, (151) 


in which p’ is the distance coefficient given by 
equations (144) and (145). Let the value of f for 
a low antenna be denoted by H;. 

The magnitude of H; is given by 


h 
His of RES ee ee wt + be (152) 


and is plotted in Figure 47. 

For height h larger than 4/1, the two first terms 
under the square root may be neglected in comparison 
to the third term, and H;, becomes approximately 

Hy, =lh. (153) 
In order to show more clearly when this approxima- 
tion is justified, Table 4 gives values of 4/1 for differ- 
ent wavelengths and vertical polarization. For 
horizontal polarization, 4/1 is quite small. 
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Ficure 29. Height-gain as a function of height. (See 
Figures 7, 25, and 47.) 


Inspection of Table 4 shows that, except for the 
case of sea water at wavelengths above 1 meter, 
the approximate equation (153) is good for heights 
above about 50 meters. 


Tasie 4. Values of 4/I for different wavelengths 
(vertical polarization). 


Nin meters |01 123 4 5 6 7 8 9 10 
Sea water 0.06 10 28 50 80 115 133 160 235 285 300 
Fresh water 61117 22 30 33 40 44 53 57 
Moist soil 3 71115 18 21 25 28 33 36 
Fertile ground 3 5 810 13 16 17 20 25 27 
Very dry ground 23 46 8 9 10 12 15 16 


To a first approximation, the value of f for low 
antennas is the same for all modes, so that the height- 
gain functions may be factored out, as was pointed 
out in text on p.380- The gain factor for the case 
when both antennas are low can then be represented 
by 

A = 2A,AiF, (Hz)i(Hz)2, (154) 


where F, is sum of the shadow factors of all the 
modes. F’, has been plotted in Figure 32. Equation 
(154) is also valid in the optical region, provided 


haha 


d>> (155) 


This condition is added to insure that the point is 
well below the center of the lowest lobe. 

2. Elevated antenna; h > 30/°. In this case the 
height-gain function f increases exponentially. Rep- 
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Ficure 30. Values of (3 &/4)”. 
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resenting the increase over lh by g, we have where 
f = glh. (156) iz ( =) (158) 
For the dielectric case 6 >> 1, refer to equation ka : 
(193) to define 6. es Zy" (159) 
ae 60 3k. 
gi =10:1356) (chine Omens (157) See Figures 35 and 36. 
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Fieure 31. sf(6) versus wavelength and frequency. For dielectric earth and k = 4/3, f(6) = 1, ands = 4.43 X 10° 51/3, 
(See Figure 57 for f(6).) 
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Figure 32. Shadow factor Fz, 20 log F, (evaluating all modes), or 20 log F,/(sd)? versus sd. Curve for dielectric earth, 
20 log F, , is the same as curve O in Figure 58. 


For the case of sea water, vertical polarization and FORMULA FOR THE DIELECTRIC MARTH. 
wavelength in the VHF (1 to 10 meters) range, 6>>1. 
g requires a correction factor g’ which depends on X. 
p A table of g’ is given with the graph of g in Figure 36. The first mode has the form #(d) - f(hi) - f(ha). 
The change of f with height h is represented If the value of the gain is given substantially by the 
schematically in Figure 29 (also Figures 7, 25,47). first mode, and substitution from equation (148) is 
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FictreE 33. Shadow factor for dielectric earth. 
made, it is found that 
= [2A0AiF si] f(Mi) - (he). (160) 


For the dielectric case equation (160), using equa- 
tions (140), (147), (151), and (156), becomes 


-; E “2 (gh) (gh)e (161) 


The same formula holds for sea water, vertical 
polarization, wavelengths in VHF range, d > 50/p’, 
and h > 4/lI, as described above, except that F, or 
F.,; is represented by various curves in Figure 32, 
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according to the value of \, and g is modified slightly 
by a correction factor g’. 


FoRMULA FOR SHA Water. VERTICAL POLARIZA- 
TION. VHF. 


Equation (160), the general formula for the first 
mode, in the VHF (1 to 10 meters) range, becomes 


A = [2A Ai Fa |(H 199’): H199’)2, (162) 


where H; is the low antenna height-gain function 
whose formula is given by equation (152), and 
gg’ = 1 for low antennas. As pointed out above, 
if h > 4/l and d > 50/p’, equation (162) reduces to 
equation (161). g’, the correction factor for g, is 
given in Figure 36. For a more extended discussion, 
see page 416. 


Effect of Changing the Value of k 


In the optical region, the effect of a linear gradient 
of refractive index has been shown to be equivalent 
to replacing the radius of the earth a by an effective 
radius ka and then treating the atmosphere as 
homogeneous (see Chapter 4). 

In view of the equivalence of the sum of modes to 
the optical formula in the optical region, it follows 
that the modes should be changed in the same way 
in the optical region, i.e., a should be replaced by kd. 
These same modes supply the solution of the wave 
equation in the diffraction region, so that in both 
regions the substitution of ka for a will take care of 
an atmosphere with a linear variation of refractive 
index with height for all values of k. 

For given transmitter and recewer antenna heighis, 
hy and he, the first maximum of the field-strength 
versus distance curve (see Figure 4) will frequently 
represent the limit of detection. The first maximum 
occurs not far from the line of sight which, for a 
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Figure 34. 20 log z versus z. 
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Ticure 35. eg(5) versus wavelength or frequency. For dielectric earth e = 14hc and g(6) = 1. 
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standard atmosphere (k = 4/8), is given by 


| 
d= a(é a (Vin + Viz). (163) 
If 4/3 is changed to k, the more general form is 
dy! = V2ka (Vin + Vig). 


The first maximum will now be near 


fe 

=~—d 

4 oe 

Suppose next that the point at distance d,’ for the 
given heights was originally well within the diffrac- 


tive region. The exponential part. of the gain due to 
change of k from 4/3 is equal to 


(164) 


16078 (az'— dz) 


or 
e-1.607 (V3k/4 - 1)sdy,_ 
The above formula is obtained by combining equa- 
tion (149) for F,, and s is obtained from Figure 31 
(& = 4/3). This corresponding gain in decibels is 
20 logio e 1.607 (V3k/4 = 1)sa 


= 20| — 1.607 X a34(/2 3h 1) siz], 


au 14a, ( [3 us 1) db, 


below the free-space value. Since a maximum is now 
near dz’ as a result of changing 4/3 to k, i.e., the 
field has a value of 6 db above the free-space value, 
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FicureE 37. eh: = eu versus sd = gy. Points eh,sd, lying to right of dotted line corresponding to eh; for a given trans- 
mitter indicate that the points lie in the diffraction region of the transmitter, ord > dz. Diffraction region dielectric earth 
— curve parameter: 20 log A = 20 log A — 20 log h, — 20 log g,. 


the gain is approximately the exponential value 


3k 
= 1A (zen) 
ANNI 


aS a consequence of refraction giving a value k 
greater than 4/3. For k = 12, and sd; = 5, the gain 
would be about 140 db at some point near dz’ = 3dz, 


at heights h; and he such that 
dy! = V2ka (Why + Vie ) 


and such that fz is well within the diffraction region. 

For given transmitter height hy and distance d, the 
effect of increasing k is to lower the lowest lobe 
roughly by the amount by which the line-of-sight 
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TicureE 38. eh2 = eu versus sd = sv. 
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Figure 39. ehz = eu versus sd = sp. 


elevation at the distance d is lowered in changing 
from 4a/3 to ka. At this distance the height of the 
line of sight is hy, and 
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so that there is a downward shift of approximately 
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(167) 


If h, 1s small compared with hz, and hz’, the result is 
approximately 


4 
Bee ee eA 
eee i 1 a ) 


Receivers situated between hz and hz’ were formerly 
below the line of sight but are now above it (assum- 
ing k > 4/3), with a consequent substantial gain in 
signal stréngth at some points and loss at others. 
The chances of detection in the region, however, have 
improved. 

If both antennas are low, a change of 4a/3 to ka 
gives a field strength change such that the field 
which was formerly at a point d well within the 
diffraction region will now-be found at a distance of 


appr oximately 
3 k 2/3 
( ) 
4 


except for the decrease in free-space gain (20/3) log 
3k/4, occasioned by the increase in distance. If, for 
instance, k = 12, the free-space gain is equal 
approximately to —7 db, and the ratio of the new 
distance to the old is equal to (8k/4)? = 97 = 4. 

More generally, if A/Ao is known at a point 
(he,d) for a transmitter height A; and for k = 4/3, 
the same value of A/Apo will be found at hy’, he’, d 
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d (km) 
10 


The d andsd scales 


may be multiplied by 


any suitable power 


of 10 to accommo- 


date values of d 
greater than 10 km 


Relation of A, 
and d 


Figure 40. Relation of ), sd [representing sdf(6)], and d. 
See Figure 31. f(6) = 1for6 >> 1. 


where k may now have any value. A itself will 
change to A’ where 
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Figure 30 illustrates the values of (3k/4)” for various 
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Ficure 41. eh [representing ehg(6)], 20 log g versus n) See 
Figures 35 and 42. 


values of k and n used in equations (169), (170), and 
(171). Figure 43 gives the same information in 
nomographic form. 

Hence if a coverage diagram is known for k = 4/3, 
then the same diagram can be used for k ~ 4/3 if the 
diagram is interpreted in terms of h’, d’, and A’. 
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Graphs for the Case 
of the Dielectric Earth (8>>1) 


1. Fundamental formulafor gain factor. Thisformula 

18 
A = 32 (ah)s (@h)s, (172) 

where q = 1 when h < 300°”. 
For the dielectric earth, 5 > > 1. See equation (193) 
Tf both antennas are low (h < 30*/*) equation (172) 
and the accompanying figures (Figures 31 to 41) are 
valid for all distances d such that 


Ass a (173) 


Tf one or both antennas are elevated, equation (172) 
is valid only well within the diffraction region of the 
transmitter, i.e., for 


d>> dy. (174) 


The following quantities required to find 20 log A 
are given in Figures 31 to 41: 


sas a function of ) is given in Figure 31. 

20 log F versus sd in Figures 32 and 33. 

20 log d can be found by using Figure 34. 

eas a function of A by Figure 35. 

20 log g versus eh is given by Figures 36 and 41. 


When one antenna is low, h < 307°, and the other 
quite elevated, h > 1,200d7”*, a result valid for h, near 
the line of sight can be found from the formula and 
graphs on page 419 , obtained by summing several 
modes. 

A more general method of finding the gain near 
the line of sight is to use equation (172) well below 
the line of sight to obtain a curve of A versus hz and 
by constructing a similar curve for the optical region 


d eh 20log g h 20logh 


NOTE 


h scale is 
being multiplied 
by to, therefore 
Value given by 
= ehp must be 
DSI Multiplied by 10 


— 20 log h=443 


20 log g=1.5 


Figure 42. Illustrating use of Figure 41. Note: (eh 
represents ehg(6)); [eh2 = 12.3] represents [ehog(5) = 
12.3]. 


by the method of Chapter 6, ‘“Coverage Diagrams.” 
By joining the two curves into a smooth overall 
curve, it is possible to estimate A in the transition 
region near the line of sight. 

For the case of short distances and receiver below 
the interference region, see page 380. 

2. For h<4/l. Vertical potarization. A more 
accurate result can be obtained by replacing the 
height-gain (gh) by H,/I or in decibels by 20 log Hz, 
— 20 log 1. Hy, is given by Figure 47 and 1 by 
Figure 46 (see Table 3). 

3. Graphical aids (continued). 

A. Definition of A. Figures 31 to 36 can be com- 
bined into a form more convenient for numerical 
computation. In Figure 37, a curve parameter A is 
introduced, defined by 

ek, 

higi 
where g; is a function of eh;. This may also be ex- 
pressed in the form 


(175) 


20log A = 20log A — 20 log hig. (176) 
(For hy < 4/l, 20 log A = 20 log A — 20 log H;, + 20 
log 1.) j 
Equation (172) can be written as 
7 F 
A, = iia 3< Wr’ 177 
ae (17) 
or 
20 log A = — 135 + 20 log = + 20logy,  (177a) 
s 


where 
vy = (che) J2; 


with gz a function of eh. Note that F,/(sd)? is a 
function of sd only and is independent of height. 
While h, usually represents the transmitter antenna 
height and hz that of the receiver, the role of h; and 
hg in equations (176) and (177) may be interchanged. 

To facilitate the use of Figure 37, three nomograms 
have been added (Figure 40 gives sd when ) and d 
are given. Figure 41 gives ef, 20 log h and 20 log g 
when ) and h are known. Figure 43 gives the modi- 
fied height h’ and distance d’ for given h, d, and k.) 
To find sd for a value of d which is not on the nomo- 
gram, say 120 km, find sd corresponding to a distance 
100 times smaller (i.e., 1.2 km) and multiply result- 
ing sd by 100. Proceed similarly for eh. 

B. Both antennas low. In the case of both an- 
tennas low, hf; and h: < 30 d”/, the contours 20 log A 
are given by Figure 39. If both antennas are so low, 
say, fi and hz < 4/l (see Table 4) that it is desired 
to use H,, for greater accuracy for vertical polariza- 
tion (Figure 47), then for 20 log A we take 20 log A 
+ 20 log 1 — 20 log Hz, (see text above ) and 
instead of ehs in Figure 39, we use as ordinate eHz/1. 
Then for given sd, Figure 39 would give the value 
of eHz/l. If the frequency is given, e/l is known 
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(Figures 35 and 46), and we must find the value of 
lhe which corresponds to a known value of Hy (Fig- 
ure 47) for the appropriate value of Q = «,/60oi. 
From The, hy is found by dividing by I. 

If only one antenna height is less than 4/1, then de- 
fine 20 log A as 20 log A + 20 log 1 — 20 log H, for 
that antenna and hz then refers to the other antenna. 

C. Non-standard atmosphere. k # 4/3. The pre- 
ceding graphs are all based on k = 4/3. lf k 4/8, 
hy, he, d, and A should be replaced by hy’, he’, d’, and 


A’, where 
-1/3 
W=h (=) , 
-2/3 
1)” 
2/3 
va)" 
or 


3k? 
20 log A’ = 20log A + 20 log (2) (178) 


The change of h,d, A to the primed values can be 
made with the aid of Figure 43, i.e., if h,d are known, 
change to h’,d’, then Figure 37 will give A’, which 
in turn will give A’, and this with the aid of Figure 43 
will give A. 

_ D. Change to dimensionless coordinates. In the op- 
tical region, convenient coordinates are (see Section 
6.5) 


d d 
v= — oa 
V2Qkahy dr 
22 
hy 
For these coordinates, equation (175) becomes 
ee, (179) 
hug(e) 
Writing 
é = eh, 
s = sV2kah, wu) 
it follows that 
eh, = eu, 
sv = sd, 
and, using equations (150) and (159), 
Ss? = 2e. 


Consequently, Figure 37 can be_used with sv 
replacing sd, ew replacing ehz, and A is defined in 
equation (179). 

Caution: In using the graphs, care must be exercised 
when one or both antennas are elevated to see that the 
recewver antenna 1s well within the diffraction region, 
1.€., 

d>> d,. (181) 
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Ficure 43. Relation of h,d to h’,d’ as a function of k. 


E. Illustrative problems; diffraction formula; di- 
electric earth. | Previously , four types of problems 
were considered for the optical-interference region. 
The same four types are given here, for a receiver 
below the optical-interference region. A dielectric 
earth is assumed so that the figures on pp. 413- 416 
are applicable. These require supplementing by 
equations (3) and (5). ° 
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For one-way transmission the radio gain is 
10 log = = 20 log A + 10 log (GG). (182) 
1 
For two-way transmission the radar gain is 


10 log = = 40 log A + 10 log (G,G2) 
’ +7.5+10loge—20log. (183) 


Typel The heights and distance apart of the 
transmitter and receiver antennas and the wave- 
length are known. The radio gain is to be found. 

An early-warning set has a horizontal antenna, 
located 118 meters above sea level. A receiver is 
located in an airplane 1,520 meters above sea level, 
at a distance of 300 km. The wavelength is 3 meters. 
The gain of the radar antenna is 96 db and its power 
output 100 kw. (a) The power received by the air- 
plane receiver, assuming a gain of 10 db, is to be 
found. (b) The power returned to the radar by the 
airplane, assuming that the airplane has a radar 
cross section ¢ of 40 square meters, is to be found. 

One-way: From Figure 2, d, = 205 km. Hence 
the receiver may be assumed well within the diffrac- 
tion region. 

From Figure 40, sd = 9.3, with f(6)=1. 

From Figure 41, eh: = 12.3, with g(6) = 1. 

From Figure 37, 20 log A = — 213. 

To convert, 20 log A to 20 log A by equation (175), 
we need 20 log hi and 20 log g;, which are given 
by Figure 41: 

20 log hy = 41.8, 


20 log g: = 1.5. 
Hence 
20 log 4 = —170, 
and by equation (182), 
10 log = 70-96-10 = Ge 
1 


Since P; is 105 watts, 
Pa S108 1 S10 
Radar: Substituting in equation (183), the radar 
gain is given by 
10 log (P2/Px1) 


—340 + 2(96) + 7.5 + 16 — 9.5, 
—134 db 


or 
P, = Py x 107 


The power output P; is 10° watts, so that the max- 
imum received power 


P, = 10°5* w. 


The minimum detectable power of the set is given as 
1.6 X 10° = 10°*° watt, so that under the given 
conditions the power returned by the target would 
be slightly below the threshold of detection. 

Type Il. Gain versus receiver (or target) height 
is to be found for given distance, given wavelength, 
and given transmitter height: A radar has an antenna 
height of hi = 30 meters, a wavelength of \ = 1.5 


From Figure 41, 


meters and a distance from a receiver (or target) of 
d = 100 km. Assuming a receiver antenna gain 
Gz = 1, the variation of P:/P; at the receiver with 
receiver height is to be found. Also, assuming a 
target of cross section ¢ = 50 sq meters, the varia-~ 
tion of P2/P; at the radar receiver with target height 
is to be found. The radar antenna has a gain of 
13.5 db. 
One-way: 
sd = 3.9 (from Figure 40). 


From Figure 37, for the fixed value of sd = 3.9, we 
find a correspondence between values of 20 log A and 
Che, listed in Table 5 below. By means of Figure 41 
or equation (159), ehe is changed to h, and by means 
of equation (176), A to. A. From Figure 41, it is seen 
that 20 log hi = 29.5 and 20 log g: = 0. To change A 
to P:/Pi, the transmitter gain of 13.5 db and the 
receiver gain of 0 db must be taken into account, 
according to equation (182). The result is given in 
Table 5. The values of 10 log (P:/P1) are plotted in 
Figure 25, together with the results found with the 
same data in text onp 397 for the optical-inter- 
ference region. 


TABLE 5* 
ho Radio Radar 
Meters | ehe | 20log 4 |20logA| Gain Gain 
in db in db 
63 0.8 —190 —160.5 —147 —273 
142 1.8 —180 —150.5 —137 —253 
259 3.3 —170 —140.5 —127 —233 
417 5.3 —160 —124.5 —117 —208 
* See also Table 1 and Figure 25. 
Radar: 
P. 
10 log = 40 log A + 27 + 7.5 + 10 log « 
z — 20 log 1.5, 
= 40log A + 27+ 7.5+ 17 — 3.5, 
= 40log A + 48. 


Type III. Gain versus distance is to be found, 
with antenna heights and wavelength given: Using 
the same data given in text on p.398 the gain as a 
function of distance in the diffraction region is to be 
found. The result has been plotted in Figure 26. 
The polarization is horizontal. 
hy = 30 meters G = 22.4 (13.5 db) 
he = 1000 meters G2 (one-way) = 1 (0 db) 

d = 1.5 meters G2 (radar) = 22.4 (13.5 db) 
co = 10 squure meters 


ehe SS 1a, 


Referring to Figure 37, we find a correspondence 
between A and sd. Values of A are to be assumed. 
To change sd to d, use Figure 40. To change A to A, 
use equation (176). From Figure 41, 

20 log 30 = 29.5, 

20 log g: = 0, 

20log A = 20log A + 29.5 + 0. 
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The radio gain is then given by: 
One-way: 


10 log = = 20 log A + 13.5 + 0; 
1 


The radar gain is then given by: 
Radar: 


10 log = = 4log A +.7.5-+27+10—3.5 
1 
= 40 log A + 41. 


These equations are evaluated in Table 6 and the 
one-way values are plotted in Figure 26. 


From Figure 41, 


20 log gi: = 18.5, 

20 log h; = 40. 
Therefore 

20 log A 


— 229 — 40 — 18.5, 
= —287.5 db. 

Referring to Figure 37, the pairs of values of sd and 
eh, along the contour 20 log A = —287 are given 
in Table 7. By means of Figures 40 and 41, sd and 
eh, are changed to d and he. The points found are 
to the right of the curve for eh; = 7.3, so that they 
correspond to points in the diffraction region. 


TABLE 6 TABLE 7 
Radio Gain | Radar Gain diem sd cha hz meters 

20 log A] sd d |20log A in db in db —— 

—170 | 6.2] 159 | —140 —127 —239 tae i ge ie 

—180 | 6.9] 177 | —150 —137 —259 140 1B 70 96 
- —190 | 7.6 | 193 —160 —147 —279 151 14 115 158 

—200 8.3 | 213 —170 —157 —299 161 15 16.5 226 

—210 | 9.0] 231 | —180 —167 —319 

—220 | 9.7 | 249 | —190 —177 —339 

aan ine ae san ee ms Radar: The value of 10 log (P2/P:) is the same as 

—250 |11.8| 305 | —220 —207 —399 for the one-way calculation, —159 db. This must 

—260 | 12.5 | 320 | —230 —217 —A419 be changed to 20 log A by equation (5), 

—270 | 13.2 | 340 | —240 —227 —439 

—280 | 13.8 | 357 | —250 —237 —459 20 log A = —141 db, 

and, as above, 
20 log A = —141 — 40 — 18.5, 


Type1V. The determination of contours along 
which the radio gain (or A) is constant (the coverage 
problem): A radar has a wavelength of 0.107 meter 
and a power output of 750 kw. Assume a receiver in 
space with a minimum detectable power of 107° 
watt. The maximum possible distance between the 
radar transmitter whose elevation is 100 meters and 
the receiver for varying heights of the receiver is to 
be found. The gain of the radar antenna is 10,000 
(or 40 decibels), the gain of the receiver will be 
assumed to be 30 decibels. 

For the radar problem, a target of radar cross 
section « = 50 square meters is assumed to take the 
place of the receiver. The minimum detectable 
power of the radar is taken as 10°’ watt; the range 
of the set for varying altitudes of the target will be 
calculated. 

One-way: The radio gain sought is the ratio 
of the minimum detectable power to the power 
output, or 


Pai Om ei 4 
P, 750X108? 3 
or 
10 log (P2/P:) = —160 + 1 = —159 db. 


From equation (8), 


20 log A = — 159 — 40 — 30, 
= — 229 db. 


— 199.5 db. 


Referring to Figure 37, we see that the contour 
20 log A = —199.5 is to the left of em = 7.3 [see 
caution in equation (181)]. Therefore it is not possible 
to get the necessary power return P: from the given 
target so long as it is below the line of sight. The 
desired contour would lie above the line of sight. 
The determination of the contour is discussed on 
page 400. 


Sea Water, VHF, 


Vertical Polarization 


1. Graphical Aids. Graphical aids are given in 
this section, which, as in text on p.413 are valid for 
all practical distances when both antennas are low 
[h < h, (see Figure 35)] and 2hihz << dd. If one 
or both antennas are elevated, they will give the 
value of the radio gain for the first mode, which is a 
good approximation for the result found by summing 
all the modes when the receiver is well within the 
diffraction region, i.e., when d > d;. [If one antenna 
is low (hk </h,) and one well elevated (h > 40h,), 
the result found by using several modes is given in 


Referring to equation (162) and Section 5.7.1, 


A = 2A,A iF .(H199'):(H199')2, (184) 
with gg’ = 1 forh < h,. 
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h, is given by Figure 35, 

20 log gg’ is given by Figure 36, 

20 log Ao is given by Figure 3 in Chapter 2, 
F, is given by Figures 31, 32, and 33. 


2. Plane earth factor A,. This has been discussed in 
Section 5.7.1. A, is a function of p’d; p’ is given in 
Figure 44 and 20 log A; in Figure 45. The curve 
shift of A; with \ in the VHF band is less than 1 db. 
When p’d > 50, A: = 1/p’d, as in the dielectric 
case. 

3. The low height-gain Hy is a function of lh (see 
text onp.404). lis given by Figure 46, H,, or 20 log H, 
by Figure 47. H; depends on the curve parameter 
Q = «,/60cd which for sea water is 1/3) Since 
H,—lh for lh > 4, 20 log Hz can be found from 
Figure 34. 

4. hi, he > 4/landd > 50/p’. As in text onp.405 
{noting especially equations (151) and (153)], 
equation (184) reduces, when h > 4/landd > 50/p’, 
to 


3F 
A =~ (gg’h):(gg/h 185 
5 2 )i(99’h) 2 (185) 


Equation (185) may be used generally, provided 
(gg’h) is replaced by H;/l when h < 4/l, and the 
right-hand member is multiplied by Aip’d or, in 
decibels, 20 log Ai + 20 log p’d are added, when 
d <50/p’. In this formula d < 50/p’ is given in 
meters. 

5. Horizontal versus vertical polarization. It is of 
interest to compare the gain of vertically and hori- 
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FicurE 44. p’ versus) for sea water, vertical polariza- 
tion. 


Taste 8. Values of 4/1 and 50/p’ for various wavelengths. 
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zontally polarized waves over sea water at VHF. 
(It has been pointed out earlier that there is no 
marked difference in attenuation between horizon- 
tally and vertically polarized waves for wavelengths 
less than one meter.) Equation (184) is valid for 
horizontally polarized waves also by using the 
appropriate F’, curve and putting g’ = 1 and can be 
made the basis of 8 comparison between vertical 
and horizontal polarization. See, for comparison, 
equation (160). 

For antennas at, or very close to, zero height, the 
gain-factor ratio depends on AF. While F, gives 
greater attenuation (lower gain) for horizontal than 
for vertical polarization, the difference between the 
two lies principally in the values of A:. For \ = 1 
meter, the ratio is 64,000 to 1 in favor of vertical 
polarization. For \ = 10 meters, the ratio is about 
8.6 X 10°. 

However, as the antennas are raised above the 
ground, the strength of a horizontally polarized 
field increases much more rapidly than does the 
corresponding vertically polarized field, for a given 
wavelength up to a certain height above which the 
field is substantially independent of polarization. 
For example, above a height of 3 meters for \ = 1 
meter, and above 77 meters for \ = 10 meters, the 
two fields are practically equal. 

6. Parameter A. As on pp- 413- 416 , curves can 
be drawn in terms of the parameter A where 


A 
— forh > 4/l, 
oO Ge 
A= (186) 
Al 
— forh < 4/1. 
ifs or jf 


tt 

PLANE EARTH GAIN FACTOR Aj, 
SEA- WATER 

VERTICAL POLARIZATION 


FOR P'd >140 USE FIG. 34 
PUTTING X= pid 


Figure 45. Plane earth factor A, for sea water, 
vertical polarization. Note: All db values are negative. 
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Ficure 46. Parameter / versus frequency for vertical polarization. See Table 10. 


Equation (185), including the correction for 
d < 50/p’, becomes 


F, 
A= — (Arp'd) (gg'h)x(ga’h)s, (187) 
which can be written 
ih F 
A=177X 10-7 s |a 'd 188 
G a)? ip'dy ( ) 


or 


+ 20 log A 


20log A = a aca a 


+ 20 log p’d+ 20logy. (189) 


Since F, has a graphical representation which de- 
pends on the wavelength, it is necessary to assume 
a particular value of \; equation (188) then becomes 
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20LOG H. 


Ficure 47. Height-gain function Hz versus lh, for low antenna heights. [See equation (152.)] 


a relation between A, dy, and hz, and Figures 48, 49, 
and 50 for \ = 1, 3, 6 meters are in terms of these 
coordinates. The height-gain function of the trans- 
mitter g; can be found from Figure 41. 

7. Illustrative example: Communication. A com- 
munication set used in ship-to-ship work has a wave- 
length of 1 meter, a receiver sensitivity of 10 micro- 
volts with a resistance of 50 ohms across the input 
terminals and a transmitter power output of 100 
watts. The transmitter and receiver antennas are 
vertical half-wave dipoles at anelevation of 30 meters. 
The range is to be found. 

To produce a voltage of 10 microvolts across 
50 ohms, a power of 


Ws USO: 


watt = 2 X 10” watt, 
R 50 


P, = 
so that this is the minimum detectable power. The 
value of P2/P; for the given power output of 100 
watts is 

21057 


=2x 10%, 
100 


and 


10 log #2 =3-+ (—140) = —137. 
Py 


This is to be changed to 20 log A by equation (3). The 
gain of a half-wave dipole over a doublet is 1.09 
so that G, = Gz = 1.09 , or 0.4 db, 


20log A = —137 —0.8 = —138 db. 


In changing from 20 log A to 20 log A it must be 
determined which of the relations in equation (186) 
is required by comparing the transmitter height of 
30 meters with 4/1. The value of 1 as given by 


Figure 46 is 0.4. Hence the value of 4/1 is 10, which 
is less than 30. Then 


20 log A = 20 log A — 20 log 30 — 20 log gq’, 
= — 138 — 30-0, 
= — 168. 
Referring to the chart for \ = 1, Figure 48, we 
find that for h, = 30 meters and 20 log A = — 168, 


the distance d is 53 kilometers. This then is the 
maximum theoretical range between the two sets. 


Radio Gain Near the Line of Sight 


For @ much greater than dz, the first mode is 
sufficient, as given in the last two sections. For 
d nearly equal to dz, i.e., the receiver near the line of 
sight, a formula [equation (190)] can be given which 
takes into account several modes and still permits 
the use of graphical aids. This formula is valid only 
when the elevated antenna is very high, ie., 
h > 1,200d7/* and the other antenna is low, i.e., 
h < 30d72. (Otherwise the transition curve near 
the line of sight must be sketched in graphically, as 
indicated by the broken portion in Figure 7.) 

Denoting by H;, the height-gain of the low antenna 
at height hi, 

(sd)? 


A = 2A )Hy, M(s) Eis 


190 
2Qehe ( ) 


where fis and Fo(A) refer to the clevated antenna. 
1. sd and eh are given in Figures 40 and 41. 6 is 
givenon page 422. 


a = Ae) (oh = Baa). 


3. g(6) = 1, except for the VHF range, vertical 
polarization, over sea water. The values are given in 
Table 9. 
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ho IN METERS 


d IN KILOMETERS 


Figure 48. Maximum range for \ = 1 meter, vertical polarization. [See equation (186).] 


TABLE 9. Values of ¥ g(6) for VHF (sea water). 


r 1 2 3 4 5 6 7 8 9Q 10meters 
V9(6) | 0.98 0.97 0.95 0.94 0.93 0.91 0.90 0.88 0.86 0.84 


4. F(A) is given by Figure 51. 

5. M(6) for vertical polarization is given by 
Figure 52 as a function of 6 which can be found from 
Figures 53 and 54. 


For horizontal polarization 


M3) zi a io 
Vf 6] Qrka | ait 


ee 
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Figure 49. Maximum range for\ = 3 meters (sea water vertical polarization — 20 log g’ = 1). See equation (186). 


General Solution for Vertical 
(or Horizontal) Dipole 
Over a Smooth Sphere 


1. Field strength of dipole. The vertical component 
of the electrical field of a vertical dipole radiating 
in a homogeneous atmosphere over a sphere of 
radius ka (or horizontal component in the case of a 


horizontal dipole) is given by equation (192). The 
solution is valid provided the distance between 
receiver and transmitter and the radius of .the 
sphere are much greater than a wavelength, condi- 
tions which are fulfilled im any practical application 
of short waves. 


E =2F)(2 rt)? ») eo 
Tn 


—ITS 
fnlhi) + fn (he)|. (192) 


m= 
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Ficure 50. Maximum range for A = 6 meters, vertical polarization. See equation (186). 
a. h, and h, are antenna heights, For horizontal polarization, 
b. Eo is the value of EF fora doublet in free space, Qaka\2/3 14.2 X 10! 
c. 5is the ground parameter which depends on 5= (ge —1) = Se (e, — 1) 


the complex dielectric constant €, = e,—j60cn. 
For vertical polarization, 


Na ze" Gee We ele) 6 Ee al 
ahs eo edn Nee €¢ where 


forse a= 2x \" 
5 (198) xia? 
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= Vote 5) (sd- hee h,) as unity.) 6 is large for horizontally polarized waves, 


but for vertically polarized waves it may vary con- 
siderably, as may be seen from Figure 53. In Figure 
54, the phase of 5 is given. For wavelengths less 
than 10 meters | 6 |, as given by Figure 53 for vertical 
polarization, is large except in the VHF range over 
sea water, ¢, = 80,0 = 4. 

The ground constants «, and o for water and 
various types of earth are given in Table 10. For 
\ < X, the ground material is a dielectric earth. 


TasBLe 10. Ground constants. 


€ 
Type of ground ee Sie 
Sea water er = 80 o =4mbhos gee meter 0.33 m 
Fresh water «¢ =80 ¢ =5x10° 267 
Moist soil €¢=30 o =0.02 25 
Fertileground «-=15 o=5 X10-3 50 
Rocky ground «=7 o« = 10-3 117 
Dry soil e=4 « =102 6.7 
Very drysoil «¢=4 «a=10°% 66.7 


10 


aaa iii me 
A 


3. The mode numbers 7,. These numbers are given 
below for the two limiting values for 6 = O (infinite 


Fieure 51. F(A) [representing ["2(A)] versus A for use in conduetivity or \—> w),and for § = o, ice., the dielec- 


equation (190). 


tric earth. 
or 
5-1/3 (4)? (194) 
s = 4.43 X 10° (<) 194 ; = 
‘ a wNo 5 =0 ea 
e. 7, are complex numbers which characterize eel eeys 2 ee 
the individual terms (modes) in equation I PRO SMa EDe T1,0 = 1.856 € 
(192). They are a function of 6. 2 |ro9 =2.577 627/83 72.0 = 3.245 e*/3 
f. He ae are height-gain functions Bulla een Ue ete 
2A4l Tin 4, Ifn >4, 
2. The complex ground parameter 5. 6 depends on = = = 
the wavelength and the electrical constants of the Tn,6 =4[B4(n+3)P/3e77/9| Tyco =A[3m(n-+1) |? SeIm/3 


ground. (The dielectric constant is referred to air 
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Ficure 52. M(6) versus | 6 | for use in a (190), vertical polarization. 
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Figure 53. | 6 | versus A for vertical polarization (see Table 


10). Dielectric earth, 6— oo; perfect conductor, 5—> 0. 


Phase of 6 is 45° for intersection of two asymptotes for any particular ground. 


From these limiting values of 7 the value of 7 in 
general for any given 6 can be found from the follow- 
ing two series, of which only the first is of interest 
in short-wave work. 


6 large, 
a 2 zs 1.5 42 
Be eae ae HOP we Lee Ge 
Teo 3 Tyco 2 Bia 
tooo (195) 


6 small, 
one j 
Tn = Tn, = 
i r 27,0 8710 
1 3 3/2 
= 1+ a) HO 5 6104 
al 47, 


4. The height-gain functions f(h). 
(a) For low antennas (h < 30d*’%), the height-gain 
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Figure 54. Phase of 6 for vertical polarization. See Table 10. 
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FIGURE 55. Vg(6) and g’ as functions of magnitude and phase. 
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Fiaure 56. Plane earth gain factor A, versus p’d. A; = 


functions, to the first approximation, are inde- 
pendent of n. 


als = Ve— 
N 


«1 ]tor vertical polarization, 
€¢ 


f(h) = 1 
(196) 

20270. ims . ANaahes 
S(t) =14+4 i Ve— i] for horizontal polarization 
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1,0 
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FOR VERTICAL POLARIZATION 


TT TT ett 


a ea 
BB ‘it 
ii 


ree LIM LL UT 
cad 
ll 


nts 
100 500 1000 


DECIBELS 


60 


10 
pid=(27 ankSrs +(60 0)? FOR HORIZONTAL POLARIZATION| 


1/(p'd) for p'd >50. 


Note that the magnitudes of the bracketed quantities 
are equal to lh. The magnitude of f has been denoted 
by Hy, and is represented in Figure 47 as a function 
of lh. The phase of the bracketed quantities in 
equation (196) is taken into account by using differ- 
ent curves with the parameter Q = ¢,/60cd. For 
large values of lh, Hz, — Ih. 

(b) For elevated antennas (h >> 307°). The 
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Ficure 57. (5) versus 6. Solid lines correspond to phase of 6. Dotted lines indicate curve in Figure 58. For horizontal 


polarization f(6) = 1. 
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DECIBELS 


EHH 


FIGURE 58. Shadow factor F, versus 7 = {f(6) = sdf(6)._ 


See Figures 32, 33, and 57. Curve +-10 corresponds to a 
perfect conductor. 


function f, can be represenied by 


2 81 exp {455 = 5 [(R) — 21] *?} 
V 2a (2eh)'/4 J13(@) + J-13(@) 
(197) 
where, from equation (159), 
1/3 —2/3 1/3 
7 (Gane © 60 \3k 


and where the argument of the two Bessel functions 
is 
z= 1% (— 27.) 7" 
For the nth mode, if (eh) >> 27,, the magnitude of 
fn can be written 
3 I exp(jtn V2eh) 
Vox (2eh)!/4 Jy /3(@) + J (2)! 


(199) 


For large 6, using the first two terms of equation 
(195), and writing x, for x when 7, is replaced by 


Tn, » 
— 27, \'? 
sn -(=B2) 
6 


Substituting this in J;/3(x) + J_1/3(x), writing down 


the first two terms of the Taylor expansion, making 
Ne of the fact that the 7,,, are roots of Jy/3(x) + 

J_1/3(x) = 0 and of the relation given bye a prop- 
eri of the Bessel function, 


Jy )3'(x) + J-1/3/(z) = — 1/82) [Js /3(x) + J-1/3(2)] 
+ J_2/3(2) aa J2)3(2), 
we have 


Jy /3(x) + J-1/3(x) 
1/2 
~ (- =) eed 
(200) 


If these results are substituted into equation (192) 
for both antennas, the factor (6 + 27,) becomes 
1 + 2r7,,,/65, which approaches unity for large 6. 
This means that 2f both antennas are sufficiently 
elevated, short-wave propagation is practically inde- 
pendent of ground constants. 

The value of f given by equation (199) can be 
written as glh so that g represents the gain over lh, 
the value approached by H;, when lh > 4. Thevalue 
of g for 6 —> = is represented in Figure 36. 

If 6 is not very great, as in the case of vertically 
polarized VHF over sea water, the effect of 6 can be 
taken into acocunt by changing e to eg(5) and g to 
gg’. The functions g(6) and g’ are given by Figure 55. 

5. Plane earth gain factor and shadow factor. The 
field near the ground over a plane earth with infinite 
conductivity is equal to 2Ho, twice the free-space 
field. For an imperfectly conducting ground, the 
field for antennas at zero height over a plane earth 
may be written 

E = 2EvAi. (201) 
A, is represented in Figure 56 as a function of p’d, 
where 
, 24 |eg—1| _ 2x V(e, — 1)? + (600d)? (202) 
62 + hee oh)? 


es = 
pollo V(e, — 1)?+ (600d)?. (208) 


The curve parameterisQ = ¢,/60o). 
Comparing equations (202) and (203) with 
equations (193) and (194), we find that 


= |s|¢. 


Hence, equation (192) may be written as 


= 2Ea(2n) San | >~— 


(204) 


ise! fala (205) 


If p’d is large, we see from Figure 56 that 
gal 
A= re (206) 
so that the physical significance of 1/p’d in equation 
(205) becomes apparent. 
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The factor 


F, = (22)? @? (207) 


eons 
»> 1 + 27,/6 


represents the effect of earth, curvature in increasing 
the attenuation over that of a plane earth at zero 
height [i.e., (0) = 1] and equation (205) is now of 
the form 


E eS 2EvAF, (208) 


If 6 is large (e.g., \ small), 27,,/5 in equation (207) 
may be neglected and r, replaced by 7,,,,80 that the 
shadow factor is practically independent of ground 
constants. The shadow factor is represented graphi- 
cally in Figures 32 and 58. Where the factor 27,/6 
cannot be neglected, as in the VHF range, vertical 
polarization over sea water, the dependence of 
F, on 6 is accommodated by changing the abscissa 
from ¢ = sd to 7 = s/d where s’ = sf(6), and by 
representing F', by a family of curves in Figure 58, 
whose parameter is given by dotted lines in Figure 
57. f(6) is represented also in Figure 57. For” < 0.4, 
F, is less than 1 db below unity. This corresponds 
to a distance over which the earth may be considered 
plane, i.e., d < 10*’7, as given in text onp.405. 
The greater the wavelength, the smaller the effect 
of the earth’s curvature. 


If the antennas are elevated, F, can still be used 
for the first mode for great distances where the first. 
mode gives most of the field. 


Sample Calculation 
for Very Dry Soil 


The general solution given in text onp.421is here 
illustrated for the case of doublet antennas, either 
horizontally or vertically polarized, placed at various 
heights over an earth assumed to be very dry soil 
for which the constants are «, = 4, and o = 0.001 
mho/meter. The following graphs cover, in decimal 
steps, the frequency range of 30,000 to 0.03 me or 
wavelengths \ = 0.01 to 10,000 meters. 

Figure 59 gives the free space radio gain A» and 
the radio gain A decibels over very dry soil, as a 
function of distance d for doublets at zero height. 
Figure 60 gives the first mode height-gain factors for 
transmitter and receiver heights, h; and he, respec- 
tively. 

To obtain the radio gain under different conditions 
it is merely necessary to add the decibel gains of the 
transmitter and receiver antennas, the radio gain for 
zero height (Figure 59), the height-gain factor 
(Figure 60) for the transmitter, and a similar figure 
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Figure 59. Free-space radio gain Ay (—- —).and radio gain A, in decibels, for propagation over very dry soil with 


doublet antennas on the ground ( 


for horizontal polarization and —— for vertical polarization). Numbers on the 


curves give the wavelength \. Note: Radio gain is independent of the radiated power. 
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Ficure 60. First mode height-gain factors for transmitter and receiver. 


Tass 11. 


Earth, Very Dry Soil. 


Quantities independent of polarization. 


€r = 4; ¢ = 0.001 mhos/meter; «, = 4 — 70.06 = 4(1 — j0.015A); «, —1 = 3 — j0.06X = 3(1 — 70.022). 


ij 600A 
me m Nu ING he =300!| = a 
30,000. 0.01 0.2154 0.0465 1.4 | 6667. 
3,000. 0.1 0.465 0.2145 6.45 | 666.7 
300. 1. 1. 1. 30. 66.67 
30. 10 2.154 4.65 140. 6.667 
3. 100. 4.65 21.54 645. 0.667 
0.3 | 1,000. 10. 100. 3,000. 0.0667 
0.03] 10,000. 21.54 465. 14,000 0.00667 
—— «—1 é—U|\Vee—t] leP 
2.05 x 10+ | 3(1 — 7.0.0002)| 3. 1.732 16. 
0.954 X 10-4] 341 — 70.002) | 3. 1.732 16. 
300. 104 | 0.448 x 10-4] 3(1 — 7 0.02) 3.0006 | 1.738 16.004 
30. {2.15 x 104] 0.205 x 10+] 3(1 — 70.2) 3.06 1.75 16.36 
3. | 4.65 x 104| 0.954 x 10-5] 3(1 — 72.) 6.71 2.59 52. 
0.3 105 | 0.443 x 10-5| 3(1 — 7 20) 60.072 | 7.77 3,616. 
0.03| 2.15 x 105| 0.205 x 10-5| 3(1 —j200) 600.015 | 24.5 | 360,016. 
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‘TasBLé 12. Quantities dependent on polarization. 
Earth, Very Dry Soil. 


of 6 


0.916 X 107 
3,000. 1.98 X10° | 
oH 
300. 0.426 X 10° 3 
ay 
30. 0.933 X 105 = 
oO 
ao 
3. 0.444 x 105 A 
0.3 0.854 X 105 
1.835 X 105 


HorizontaL PoLarizaTION 


degrees 


5] = (42)e —1| 
my lecl? Hare S(6) 
ae _ 14.2 xX 104 |e, — 1] degrees a 
Xa Je,|? Fig. 54 Fig. 57 


Fig. 53 


30.000. 0.01] 5.72x10° | 2 | 
3.000. 01 | 1.2 x 105 E | 
300. 18 2.6 X 104 E 
30. 10. 57x10 | 3 | 

3. 100. 850. 

0.3 1,000. 23. 


for the receiver (Figure 60). This process, however, is 
subject to the restriction mentioned in the next 
paragraphs. 

The addition of the factors given in the preceding 
paragraph is valid all the way up to the maximum of 
the first lobe, where the field is given by the sum of the 
direct and reflected rays, provided that the antennas 
have comparable heights. 

The radio gain can therefore never be more than 
6 db greater than the free-space gain with the same 
antennas. 

If, however, one antenna is low, h < h,, and the 
other is very high, h > 40h,, the method discussed 
fails since the height-gain factors are based on the 
first mode only. In this event, either the methods 
outlined on pp- 419-420 must be employed or the 


1 (0) 
1 (0) 
1 (0) 


0.118 0.99 (0) 


0.81 X 10+ } 0.96 (— 1) 


1.044 X 10> | 0.77 (— 5) 


1.047 < 10-8 | 0.55 (+10) 


radio gain at low elevations must be connected 
graphically with the value obtained in the optical 
region for the first maximum. 

As an aid to the computer in checking his results, 
four tables of computations are given. Table 11 
gives the values of certain quantities, for a wide 
range of frequencies and for very dry soil, which are 
independent of polarization. Those quantities which 
are dependent on polarization are given in Table 12. 
Table 13 gives detailed calculations for ground level 
radio gain for doublets for a wavelength of \ = 1.0 
meter, while Table 14 gives the first mode height- 
gain factors for the same wavelength. 

Similar charts and tables may be prepared easily 
for transmission over other types of earth for a 
similar range of frequencies. 
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apie 13. Ground level radio gain for doublets. 
6) 


Warth, Very Dry Soil. X = 1.0m; Q = 66.67; f(6) =1 © ig. 57); s = 0.443 x 107%. 
Ground level radio gain for doublets, hi = hz = 0; G, = G,. = 1; P, = 1 watt radiated. 
d A | Fs Free Space Gain 
Polar- pid ¢ = sd |n=Cf(65)| Fig. 32, ; 
m ization Vig. 56 | 33, 58 Ay= 3X | Agindb 
| 87d \20 log Ag 
500 H | 0.942 X 104 | 1.06 X 10~| 0.02215 | 0.02215 Le 2.39 104] — 72.4 
V_ | 0.059 x 104 | 1.695 X 10-*| 0.02215 | 0.02215 if; 2.39 X 104} — 72.4 
1.000 H | 1.885 X 104 | 0.53 xX 10+} 0.0443 | 0.0443 1. | 1.195 X 104) — 78.5 
‘ V | 0.118 x 104 | 0.847 x 10-5) 0.0443 | 0.0443 1. 1.195 X 10-4] — 78.5 
2.000 | H |3.77 X 104 | 0.265 x 10~| 0.0886 | 0.0886 ie '0.597 X 10-4] — 84.5 
a | ¥ !0.236 < 10! | 0.423 X 10-3] 0.0886 | 0.0886 1. | 0.597 X 10-') — 84.5 
5.000 | H /|0.942 X 105 |1.06 X 10-5} 0.2215 | 0.2215 0.97 |2.389 x 10-5) — 92.4 
E V | 0.059 x 105 | 1.695 X 10-4] 0.2215 | 0.2215 0.97 | 2.39 xX 10-5! — 92.4 
10.000 H 1.885 X 105 | 0.53 x 10-5} 0.443 0.443 0.9 1.195 < 10-5) — 98.5 
B V |0.118 X 105 | 0.847 x 10+} 0.443 0.443 0.9 1.195 & 10-5} — 98.5 
20,000 H |3.77 X 105 | 0.265 X 10-5] 0.886 0.886 0.71 | 0.597 < 10 | — 104.5 
i V_ | 0.236 X 105 | 0.423 X 10-4] 0.886 0.886 0.71 0.597 < 10-5| — 104.5 
50,000 H |0.942 K 10® }1.06 X 10-°| 2.215 2.215 0.25 |2.39 xX 10-5| — 112.5 
3 V |0.059 X 108 | 1.695 X 10-5| 2.215 2.215 0.25 | 2.39 x 10-5) — 112.5 
100,000 H | 1.885 X 108 | 0.53 10-8} 4.43 4.43 0.02 | 1.195 X 10-§| — 118.5 
ul V |0.118 X 108 | 0.847 X 10-5] 4.43 4.43 0.02 | 1.195 X 10-8} — 118.5 
200,000 H |3.77 X 10° | 0.265 X 10-5} 8.86 8.86 5 X 10-5) 0.597 X 10-§} — 124.5 
V_ | 0.236 x 108 | 0.423 x 10-*/ 8.86 | 8.86 15 x 10-*! 0.597 x 10-8] — 124.5 
5 , Dl. 20 log EH = 
d Radio Gain A = = 2A\Fs |h) = 3N5 VG: iL db above 
Polar- ines Bava Soe RB d pv /m 1 pv/m 
m _jization|A = 24 d,F.|4 indb| Ay|/_ 2 _ 4, pv/m for 1 watt | for 1 watt 
20 log A VG Eo forlwattradiated| radiated radiated 
500 H |5.07 X 10-8 | — 146 16 2.12 x 10-4 13,420 2.84 9.1 
V |811 X 10-7 | — 122 3.39 xX 10-5 13,420 45.5 33.1 
1,000 H | 1.268 X 10-8 | — 158 16 1.06 x 104 6,710 0.711 — 2.9 
Y V 2.025 X 10°" | — 134 1:69 X 10-3 6,710 /11.38 21.1 
2.000 H_ |0.316 X 10-* | — 170 16 0.53 x 10-4 3,355 0.178 — 15. 
u V |0.505 x 10-7 | — 146 0.846 x 10-% 3,355 2.84 | 9.1 
5.000 H |4.93 X 10-*°| — 186 16 2.06 xX 10-5 1,342 0.0276 — 31.1 
2, V |7.86 x 10° | — 162 3.29 xX 104 1,342 0.441 - 71 
10,000 H 1.14 xX 10-°} — 199 16 0.955 X 10-5 671 0.0064 — 43.8 
x Vo41.82 xX 10° | —175 1.525 X 10-4 671 0.1023 — 19.8 
20,000 H | 0.224 X 10-°| — 213 | 16 0.376 X 10-5 335.5 0.126 X 10-7} — 58. 
y V_ | 0.358 X 10° | — 189 0.6 » 10-4 335.5 0.0201 — 33.9 
50,000 H_ | 1.267: X 10-*| — 238 16 0.53 x 10-5 134.2 (0.711 K 104} — 83. 
d V |2.02 xX 10-"| — 214 ; 0.847 X 10-5 134.2 1.137 X 10-*} — 59. 
100,000 H | 0.253 X 10-15) — 272 16 | 0.212 < 10-7 67.1 0.142210-5| — 117. 
y V |0.405 X 10-47} — 248 0.339 < 10-° 67.1 0.227 X 104+) — 98. 
Ae ees ee =) 
200,000 H |0.158 X 10-!*| — 336 16 0.265 X 10-1° 33.55 0.887 < 10-9; — 181. 
Z V_ 10.253 X 10-18 | — 312 0.423 X 10-° 33.55 0.142 x 10-7! — 157. 
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TaBLE 14. Height-gain factors (first mode). 


Earth, Very Dry Soil. \ = 1.0m; 5y = 0.426 X 10° (— 1.1°); 6, = 2.6 X 104 (0°); 1, = 10.86; ly = 2.72. 
First mode height-gain factors, hc = 30. m;e = ar = 0.01667; Q = 66.67. 


) 


h Hy, g (6) g i 
Polar- lh eh ehg (6) Eq. (157) Hygg' _—|20 log (Hzg9') 
m ization Fig. 47 Fig. 55 Fig. 36 Fig. 55 
H 1086 iL 1 1 1 0 
QOL iy 0272 il 1 1 1 0 
ross 1.086 15 1 1 1.5 3.5 
; V 272 iL, 1 1 1 0 
Ree ae 2.725 3. 1 1 2.73 8.68 
; V 68 1.25 1 1 1.25 1.9 
, H 5.43 55 1 1 5.5 148 
5 V 1.36 1.7 1 1 rez 4.6 
j H 10.86 10.86 1 1 10.86 20.7 
: V 2.72 2.8 1 1 2.8 8.9 
: H 32.58 32.58 1 1 32.58 30.3 
V 8.16 8.16 1 1 8.16 18.2 
e H 108.6 108.6 1 1 108.6 40.7 
V 27.2 27.2 1 1 27.2 28.7 
Bi H 325.8 DEE | on 1 0.5 i 1 325.8 50.3 
: 4 81.6 81.6 1 05 1 1 81.6 38.3 
H | 1,086. 1,086. 1 1.667 15 1 1,630 64.2 
100. V 272. 272. a 1 1.667 1.5 1 408 52.2 
aaa H | 3,258. 3,258. 2 1 B, 43 1 14,000 82.9 
; Vv 816. 816. ; 1 Bi 43 1 3,510 70.9 
008 H | 10,860. OREO. | race 1 16.67 100 1 | 1.086 x 10°] 120.7 
AUED: V | 2,790. 2,720 1 16.67 100. 1 |0.272 x 108| 108.7 
H |21,720. 21,720. 1 33.33 1,585. 1 |344 x 107| 151. 
2,000: v | 5,440. 5440, |) 2232 1 33.33 1,585. 1 |0863%107| 139. 
Ane H |54,300. | 54,300. | 99 a3 1 83.33 |1.497x10°| 1 |813 x10°| 218. 
Huby: V_ | 13,600. 13,600. : 1 83.33 |1.497x10°| 1 |2.035x10| 206. 


Chapter 6 


COVERAGE DIAGRAMS 


DEFINITIONS 


HE Locus of points in space having a constant 
field strength is called a coverage diagram. In 
the optical region this is also called a lobe diagram. 
The construction of these diagrams is an important 
part of the predetermination of the performance of 
radar and communication sets. The basic concepts 
and formulas will be, developed first for the case of 
the plane earth and then applied with necessary 
modifications to propagation over a spherical earth. 
The method outlined in this chapter is applicable 
only to the lobe structure lying above the tip of the 
first lobe. In this region the field is given almost 
entirely by the vector sum of the direct and reflected 
waves. The lower portion of the first lobe is dis- 
torted from the regular lobe structure because, in 
this region, the field strength is determined in part 
by contributions from the diffraction terms as well 
as by the contributions of the direct and reflected 
waves. 


PLANE EARTH 
Field Strength 


For horizontal polarization and a reflection coeffi- 
cient equal to —1 (ie., p = 1, @ = 180°), the re- 
ceived field intensity oscillates from zero to twice 
the free-space value, depending on the position of 
the point in space, as shown in Figure 1. The posi- 
tion in space determines the path difference A, 


d 


Figure 1. Coverage diagram for plane earth (heights 

he are exaggerated relative to distance d). n = 1,3,5 

. ... for the first, second, third... . lobes. d = dmax 

sin (7/2) and dmax = 2dp. 
which in turn determines the phase retardation, 
5iag, due to path difference. The angle 2/2 used in 
calculating H by equation (29) in Chapter 5 is a 
function of 6, and @, since 2 = dj, + o’. The 
effect of a reflection coefficient p less than unity is to 
reduce the length of the lobe maxima to values less 
than 2d) and to increase the minima above zero as 
indicated by the dotted lines of Figure 1. The angles 
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at which the maxima and minima occur depend 
upon the phase shift at reflection, as will be explained 
in the following section. 


Angles of Lobe Maxima 
(Horizontal Polarization) 


Lobe maxima occur whenever the sum of the phase 
shifts caused by reflection and path difference equals 
an even multiple of 7 radians, while lobe minima 
(nulls) occur when the total phase shift is an odd 
multiple of 7 radians. If p = 1, the nulls are equal 
to zero. 

It follows that for horizontal polarization 
(@ = =z), maxima occur when 6 equals 7z, 37, 
5m, ete., and minima when 6 = 0, 272, 47, etc. 
This means that a path difference equal to an odd 
multiple of \/2 gives a lobe maximum while a path 
difference equal to an even multiple of \/2 gives a 
null. This holds only for horizontal polarization 
(6 = zm). Applying equation (52) in Chapter 5 
to the case when d; < < dk (i.e., d2 =), 


A a Dhahe 
d 


= 2h tan y => 2h tan Y,¥= 2hry, (1) 
where y is the angle in radians between the hori- 
zontal and the line joining the receiver or target 
to the base of the transmitter (see Figure 8 in Chap- 
ter 5). For equation (1) to hold, y must be less than 
0.2. Hence for maxima, 


Qhry a n = odd integer, 


and for minima, (2) 
2hy = = n = even integer, 
or ce aL. 
4h, 


and m has a range of 0 to 2 for the first lobe, 2 to 4 
for the second lobe, ete. 

The limitations of equation (2) may be summarized 
as follows: 

1. The phase shift at reflection is 7 radians. 
This assumes horizontal polarization, or y © 0 for 
vertical polarization. 

2. The reflection point is (relatively) close to the 
transmitter. 

3. The grazing angles corresponding to lobe 
maxima are less than 0.2 radians. In connection with 
limitation (2), it should be noted that the angles for 
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TABLE 1 
Antenna Y mr 
height, h; » Minimum Minimum Minimum n at 
(meters) (degrees) (meters) \ = 3 meters 
120 1.44 12.9 4.3 
60 1.1 4.5 1.5 
30 0.78 1.6 0.53 
15 0.56 0.6 0.2 
9 0.4 0.25 0.08 


which the approximation ~ = y holds depend upon 
the wavelength and transmitter height. The follow- 
ing table shows the minimum angle for various 
transmitter heights and wavelengths at which the 
error in the path difference A introduced by this 

- assumption is less than 1 per cent. To satisfy equa- 
tion (2), and have an error less than 1 per cent, 
y should lie between the minimum value and 0.2 
radians. Table 1 shows, for increasing transmitter 
antenna height, how the angle for which equation (2) 
is valid within 1 per cent also increases. 

If n is set equal to 2m — 1, integral values of m 
correspond to lobe maxima and half-odd integers to 
lobe minima. The advantage of this notation is that 
the value of m is the number of the maxima or lobe 
number. Thus for the fifth lobe, m = 5. The gen- 
eral expression for the grazing angles corresponding 
to lobe maxima, for a plane earth and for horizontal 
polarization, is 

(2m — 1) 
Y th r, (3) 
where integral values of m give maxima and half- 
odd integers give minima. 


Angles of Lobe Maxima 


(Vertical Polarization) 


With vertically polarized radiation the reflection 
phase shift @ [equation (27) in Chapter 5] is less 
than z radians (i.e., @’ = @ — 7 is negative). 
It follows that the path difference for lobe maxima 
must be greater than \/2 and greater than \ for the 
nulls. In other words, the value of 7 in equation (2) 
must be increased by (A + 7) to compensate for the 
decreased phase shift of reflection, so that 


(An) le) “Geoch © 


Hence 
(an) = 2 =1= 42. (6) 
Tv us 
Yor vertical polarization, equation (2) becomes 
= a Oy) 6) 
Ah, 


Lobe Equation 


When p = 1, and ¢=7, ¢’ =0, and Q=54, 


equation (46) in Chapter 5 may be written as 


wes Q cae 5 
d = 2VGid sin 3 2VGidp sin Re (7) 
Substituting 
Ss haha (2) 
d \x 
gives 
aes Qrhyhe 
a I Eah cin ( <= ); (8) 


where do is the free-space range which may be com- 
puted from the gain corresponding to the given 
coverage diagram by use of the nomogram given in 
Figure 3 in Chapter 2. Equation (8) may be written 


es 2VGidy sin (a - sin 7) (9) 


Equation (9) shows that for fixed values of free- 
space range do, transmitter height hf, and wave- 
length, the coverage lobe may be represented by a 
polar sine function of the angle 7 at the base of the 
antenna. This assumes that the slant range measured 
to any point on the lobe may be considered equal 
to the distance d measured along the surface of the 
earth. 

If n in equation (2) is allowed to assume all frac- 
tional and integral values from 0 to 2, sin y— 7 
may be expressed as 


CON 
fio, ea q7 a 2, (10 
sin y = 7 an ) 
Substituting this value into equation (9) gives 
— n — 
d = 2VGido sin (2) = 2VGido sin (90°n). (11) 


Equation (11) is useful in sketching the lobe contour. 
It holds only when the reflection coefficient equals 
—1 (i.e., p = +1) and the angle y is small enough 
so that equation (10) is valid. 


SPHERICAL EARTH 
Lobe Characteristics 


Figures 2 and 3 are typical vertical coverage 
diagrams for a smooth spherical earth. They illus- 
trate two important points. 

The first is the dependence of the number of lobes 
on the ratio of transmitter height to wavelength. 
Figures 2 and 3 show that for h; equal to 75.4 wave- 
lengths, the lobes are much more closely spaced 
than for a transmitter height of 32.3 wavelengths. 

When the number of lobes is large, there is little 
possibility for a target to escape detection in the 
small null areas. The shape of the contour is, there- 
fore, less important and it is sufficient to find the 
maximum and minimum ranges and then to sketch 
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ANTENNA HEIGHT 
73.4 WAVELENGTHS 
FOR 106mc 


hy HEIGHT IN KILOMETERS 


d@ DISTANCE IN KILOMETERS 


Fieurt 2. Vertical coverage diagram. 


the lobe from the polar sine formula [equation (11)]. 
On the other hand, the shape of the contour is of 
great importance when there are few lobes and the 
null area is large. This is illustrated in Figure 3, 
Where there are only two complete lobes in the 
region of interest. 

The second point to be noted is the varying effect 
of divergence on the lobe number and angle. It 
may be seen from equation (89) in Chapter 5 that 
the divergence factor approaches unity as tan y 


hg HEIGHT IN KILOMETERS 


a 7 fi AS 
2 Sa 


increases (see also Figure 11). The divergence 
factor is low for small angles and then approaches 
unity rapidly. This accounts for the reduced range 
of the first three lobes of Figure 2. For the larger 
angles, the maximum range is approximately equal 
to twice the free-space range. When the ratio h;/) is 
small, the angle at the first lobe maxima is large, since 
y = nd/4hy. In this case, the effects of divergence 
will be negligible except for the lower part of the 
first lobe, and the polar sine function derived for the 
ANTENNA HEIGHT 


ae ‘“ 
32.3 WAVELENGTHS 
FOR 106 MC 
b= 91.4m 
s Lal 


A= 2.83 
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2° 72° 
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VERTICAL 
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Ficure 3. Vertical coverage diagram. 
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plane earth may be used. 

There exists also the intermediate case where the 
effects of divergence may not be neglected and an 
accurate knowledge of the lobe shape is required. 
Three different solutions of this problem are given 
in following sections. They are 

1. The p-qg method for horizontal polarization only. 

2. The u-v method, which may be used for both 
horizontal and vertical polarization. 

3. Lobe-angle method which has the advantage of 
determining the lobe angles directly and is used for 
either polarization. 


THE p-qg METHOD 
(HORIZONTAL POLARIZATION) 


Outline of Method 


This method consists in plotting the locus of 
points having a constant range d and locating those 
points on this curve which are at such a distance 
from the transmitter that the phase shift caused by 
path difference corresponds to the required range. 
The range corresponding to a total phase shift 
is given by 


des WGGh Va = PPL AD sin? (12) 


where D replaces K in equation (46) in Chapter 5, 
since for horizontal polarization p = 1 and since 
we are neglecting any effect due to the antenna 
radiation pattern. For this expression, D and Q are 
certain functions of the antenna heights h: and hy as 
well as d which were considered earlier in the text 
of the last chapter). For a given transmitter, hi, 
Gi, do, and X are given, so that for a given gain 
contour the only variables in equation (12) ared and 
hz. The difficulty of the problem consists in the fact 
that equation (12) provides an extremely complicated 
relation between hf, and d which cannot be solved 
explicitly for either coordinate. 

Under such circumstances, the natural procedure 
is to introduce new coordinates which make the 
handling of equation (12) easier, The method de- 
scribed in the following makes use of the variables 


dy dz 
=— and q=— 
Pp ie q d 
discussed on pages 389 and 39(), and the pro- 
cedure will be called the p-g method. 
It may be recalled that expressed in coordinates 


p and q 


d=—" «dy, (13) 
iG) 
4p’q ie 
D= [1 + 5 (14) 
(1 — p’) 


and the total phase shift, by equations (97) and 
(29) in Chapter 5, is 5 


g = 4turad — PP 


a ae oe (15) 


For horizontal polarization, @ — 0, so that for this 
case (which is the one under consideration) all 
variable quantities in equation (12) have been 
expressed in terms of p and q. 


Construction of Range Loci 


Suppose to start with that we want to compute 
the position of the extreme range of a lobe. We may 
then proceed in the following manner. To a fair 
approximation, we may assume the extreme range 
of the lobes to correspond to sin?(Q/2) = 1, so that 
by equation (12) the corresponding distance daz 18 
given by 


dmax = VG; do(1 + D). (16) 


Expressing d,,,,and D by p and q, the above equation 
determines the envelope of all lobe maxima. The 
practical way of doing this is to use a graphical 
representation of D in p and q coordinates (Figure 17 
in Chapter 5) and to start by selecting a particular 
value of D, say D = D,. Inserting this in equation 
(16) gives a corresponding value of d,,,,, and insert- 
ing this value of dx for d in equation (13) determines 
a straight line in the p,q plane, since dr = V2kah 
is known. Whatever is the value of djyax, this line 
passes through the point g = 1, p = 0. In order 
to determine the position of the line, only one more 
point is needed. A convenient point to choose is to 
take g = 0.9 and compute the corresponding p from 
p = 0.1d,,.,x/dr. The point of intersection of this line 
with the selected D,-contour then gives the desired 
p,q combination that corresponds to the given 
values of d,,,, and D). 

From this pair of values (p,q), the corresponding 
receiver height hz may be calculated by the relation 
[equation (98) in Chapter 5] 


2, 
a [1-2 + 2 iF 
1—q l1—q 


Now both coordinates of the desired point are known, 
and the point may be plotted. Plotting a series of 
different points by the same method yields a smooth 
curve, which is the envelope of all lobe maxima. 

The locus of minima may similarly be plotted by 


using sin' 5 = 0 and 


Amin = VGido(1 — D) (17) 


instead of equation (16). Intermediate range curves 
are found by assigning nonintegral valuesto m in the 
equation @ = mm and substituting in equation (12). 
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Ficure 6. Curves of constant-divergence factor D and y:ath difference parameter R. (Radiation Laboratory.) 


Construction of 
Path-Difference Loci 
An assumed value of ® in equation (12) determines 
6, the phase shift caused by the path difference, as 
5 = Q+ 2xn, (18) 
where n assumes all integral values and zero. This 
value of 6 determines the path difference A = r — rq, 


Nea, (19) 


But from equation (97) in Chapter 5 


2h; (1 — p?)? 2Qh,? 
Nae pCees = =“! of(p) (20) 
dr Pp dp 


where f(p) is given in Figure 18 in Chapter 5. 

In this calculation, g may be taken as the inde- 
pendent variable. The assumed values of g together 
with A from equation (19) determine f(p) in equa- 
tion (20). For given values of f(p), the correspond- 
ing values of p may be read from Figure 18 in Chap- 
ter 5. The coordinates he and d on the path-differ- 
ence loci are found from equation (98) in Chapter 5 
and equation (13) in Chapter 6, giving 


2, 
ae ha (1 — p+? ) 
L=@ = @ 


and 


Intersections of the path-difference loci with the 
range curves determine points on the lobes. 


THE u-v METHOD 


Outline of Method 


This method makes use of the generalized coordi- 
nates u = h2/h,; and v = d/drp described in text on 
p.391. The curves of constant-divergence factor D 
and path-difference parameter F are plotted on the 
same sheet in Figures 4, 5, and 6. The divergence 
lines are shown in full and the path-difference curves 
are dotted. Envelopes of constant sin?(Q/2) [equation 
(46) in Chapter 5] are constructed and their inter- 
sections with path-difference contours corresponding 
to the assumed values of Q/2 determine points on 
the lobes. 


Construction of Lobes 
(Horizontal Polarization) 


In this method, the divergence factor D is con- 
sidered to be the independent variable. Dividing 
both sides of equation (46) in Chapter 5 by dr gives 


g 


Gey ~)2 2 
Boe (1 — K)? + 4K sin 5 


uh aeeaetatiya apie wot (21 
=VGid y(t sp LES ene (21) 


—— 
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where 
d _——I 


S| 


£ p = 1, and the effect of antenna directivity is 
ieglected, K = D, and 


v= 


as VGido | ~ D)? + 4D sin? (22) 
dr ov 2 

The following discussion illustrates how one con- 
tour of a coverage diagram, corresponding to a 
particular value of radio gain, may be plotted on 
Figure 4 or its equivalent, Figure 7. The result is a 
curve similar to Figure 2, but plotted in u,v coordi- 
nates instead of he and d. See also Figures 16 to 39. 

For illustration, let the transmitter gain, G, = 1 and 
let the radio gain be such a value that do = dp/dp = 2. 
Further, let \ = 0.1 meter and h: = 20 meters. 
From Figure 15 it is seen that r = 1,030d/hi?/? = 1.2. 
Select one of the curves for, sin? (2/2) in Figure 12, 
Chapter 5, say sin? (0/2) = 1, for which Q = 7, 37, 
5, etc. These values correspond to tips of the lobes 
for which n = 1, 3, 5, etc., since, for perfect reflec- 
tion, ® = nz by equation (116) in Chapter 5. 

Next select values of K = D and note the corre- 
sponding value of the radical 


Ja — Ky + 4K sin? 


given by Figure 12 in Chapter 5. Equation (22) 
then gives the value of v. These quantities together 
with & = nr may conveniently be tabulated, as in 
Table 2. Corresponding values of D and v are plotted 
as crosses on Figure 7. The line drawn through these 
points is the locus of the tips of the lobes. The 


D-v LOC] AND LOBES 


Table 2. Values of v and F# for sin?(/2)=1, d,=2. 


! 
EY), 5 (r = 1.2) 
D |Af — D+ 4D sin? SI uation R=nr| Lobe 

(Figure 12, Chapter 5) | (22)] 4 ~ ™? \maxima 
2 He ae 1 1.2 |Ist lobe 
0 ie a8 Bin eesiou(2dilobe 
0.6 1 af 5 | 6.0 |8dlobe 
08 i: a6 7 | 8.4 (4th lobe 
0.95 1.95 3.9 
1.0 2.0 4.0 


actual position of each lobe tip is then marked with a 
circle where the corresponding value of R crosses 
the locus in Figure 7. 

Additional lobe points are located by choosing 
some other value of sin? (Q/2), say sin? (0/2) = 0.7. 
Each value of sin? (2/2) now gives two points on each 
lobe, one on the upper branch and the other on the 
lower. Again choose values of K = D, obtain the 
corresponding values of the radical 


Ale = Ky + 4K sin? | 


from Figure 12 in Chapter 5, and calculate new 
values for v. The D-» values are plotted as crosses 
on Figure 7 and the line through them is the locus of 
points for which sin? (Q/2) = 0.7 (see Table 3). 

For sin? (9/2) = 0.7, sin (9/2) = +0.836, 0/2 
= 0.3157 or 0.6857. Then 2 = nx = 0.632 + 2kr 


Ue 
fa 
\s a \ 


DIVERGENCE D 


— — — PATH DIFFERENCE 


Ficure 7. D-v loci and lobes. 
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TABLE 3. Values of v and R for sin? (2/2) = 0.7, do = 2. 


aa) (PS UP) 
= 2 2 
D 4/( D) + 4D sin*5 , 
(Figure 12, Chapter 5) K | n | R = nr | Lobe 

0.2 1.1 2:2) 0 |0.63) 0.756 1 
0.3 1.15 2.3 0 |1.37| 1.644 1 
0.4 1.22 2.44|| 1 |2.63} 3.16 2 
0.5 1.28 2.56 || 1 |3.37| 4.04 2) 
0.6 1.36 2.72|| 2 |4.63] 5.56 3 
0.7 1.43 2.86 || 2 |5.37) 6.44 3 
0.8 1.52 3.04|| 3 |6.63| 7.96 4 
0.9 1.6 3.2 3 |7.37| 8.84 4 
0.95 1.64 3.28 

1.0 1.68 3.36 


and 1.377 + 2k, in which k is an integer. Then 
n = 0.63 + 2k and 1.37 + 2k, and R = nr. Values 
of n and RB are listed in Table 3. The intersections 
of the R values and the locus for sin? (2/2) = 0.7 are 
plotted as circles on Figure 7. 

The entire lobe structure for one contour may be 
drawn by choosing additional values of sin?- (2/2). 
A large number of contours have been calculated 
by the Radiation Laboratory and are plotted in 
Figures 16 to 39. 

In order to construct one contour of a coverage 
diagram, it remains to find the intersection between 
the curves giving values of w for constant sin? (2/2) 
and the corresponding path-difference contours. 
The equations relating R to 0/2 are given below. 
From equation (18) 


5=2+4+20n (ob = 180°,¢’ = 0), (23) 
and from equation (19) 


=) 


From equation (83) in Chapter 5 


An assigned value of © fixes two values of 6 for each 
lobe, as explained in the previous paragraph. All 
values of sin? (2/2) other than 1 or 0 determine two 
intersections with the lobe. When sin? (2/2) = 1, 
the envelope of maxima is obtained, while sin? (0/2) 
= 0 corresponds to the envelope of minima. 


By selecting several values of sin? (2/2) in Figure ~ 


12, Chapter 5, and following the method outlined 
above, a coverage diagram may be constructed in 
generalized (u,v) coordinates. The actual values of 
he and d are 
he = hw, (24) 
d = dy. (25) 


Construction of Lobes 
(Vertical Polarization) 


Problems involving vertical polarization or cases 


where the ratio of the antenna-pattern factors 
F,/F, cannot be neglected, may be solved by suc- 
cessive approximation. 

As a first approximation the method on pp.438- 
440 is applied to determine points (hz,d) on the lobe. 
The corresponding values of w and v determine s 
in Figure 19 or Figure 20, in Chapter 5, and tany 
may be found from Figure 24 in Chapter 5 for the 
given transmitter height h;. An alternate method 
is to calculate tan y from equations (73), (58), and 
(60) in Chapter 5, which are 


d; = sd, 
d,2 
PE re) 
tany = > 


1 
The angles, and y required to calculate the antenna 
pattern factors F; and F, are found from equations 
(62) and (68) in Chapter 5, 


he — hy d 
tanyg = ———' — — 
Ma d 2ka 
BG dy 
OS Pe 


The values of p, @ (or ¢’) may now be read from 
the reflection curves in Chapter 4. 

Equation (46) in Chapter 5 may now be applied 
with K = (F:/F;)pD where D assumes the same 
values as in the approximate solution. Equation (21) 
determines the value of d from which u = d/dr 
may be calculated. This value of u = d/d7 is laid 
off on the original divergence contour in Figures 4, 
5, or 6. This determines v. The assumption under- 
lying this procedure is that the divergence factor is 
not appreciably affected by the change in coordinates 
caused by imperfect reflection and an unsymmetrical 
antenna pattern. The corrected phase difference 6’ 
is found from 


v= 2-¢' (26) 


and the path difference A’ and parameter R’ from 


aC 


Fiaure 8. Lobe angles corrected for earth curvature. 
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The intersections between the path-difference con- 
tours and the distance envelope determine points 
on the coverage diagram. 

The above method should be applied even for 
horizontal polarization when the directivity of the 
antenna is such that F2/F, ~ 1. This follows from 


the concept of generalized reflection coefficients on 
page 385. 


LOBE-ANGLE METHOD 
(HORIZONTAL POLARIZATION) 


Outline of Method 


In this method the angles of lobe maxima are 
determined by modifying the plane earth formula, 
equation (2). In this equation, h; is replaced by hy’, 
which is the equivalent height above a plane tangent 
to the earth’s surface at the reflection point, as 
shown in Figure 8. 

The value of h;’ is given in equations (58) and (60) 
in Chapter 5. The maximum and minimum distances 
from the transmitter base to a point on the lobe 
are calculated by equation (46) in Chapter 5, using a 
modified divergence factor to be described in this sec- 
tion . 


Basic Relations 


Referring to Figure 8 and assuming d, << d@, 
y’ < 10° andy = vy’, the following relations hold. 


mr 


tan 7’ => 7’ = 4h,’ (29) 
1 
, 
tan y’ > 7’ = 5 é (30) 
1 
Hence 
niga 
di Ahy’ 
and 
2hy')? 
a= SRY, 1) 
where, from equation (58) in Chapter 5, 
dy? 
hy’ = h, — —. 
: * oka 


pee kTUNS md 
Gh. 
* 2ka 
and 
2 
oe) 
d, = —. (33) 
md 


Reflection-Point Curves 


The elimination of d; from equations (82) and (33) 


is most conveniently accomplished by graphical aids, 
which may be used in the following way. 

1. From equation (33), a curve may be plotted 
shawing d; as abscissa and n as ordinate for a given 
transmitter height and wavelength. This is illus- 
trated in Figure 9 for tio stations A and B with 
heights equal to 146.5 meters and 302 meters and 


HORIZONTAL POLARIZATION 


ISTATION B 
h,= 302 M 


LOBE NUMBER 7 


STATION A 
hj=146.5M 
REL 


° 10 20 30 40 390 60 
REFLECTION POINT d, IN KILOMETERS 


Figure 9. Location of reflection point d; as a function 
of lobe number 7. 


Tasie 4. Data for station A of Figure 9.* 


| POT y= Nee 
18 range 


eels d (km) 


1 6 
(km) |(meters)| (rad) | (rad) | (rad) D 


50.1 0 |0 0.00789) — 0.00789 0 

28.0 99.6 |0.00362 |0.00440/ — 0.00078 | 0.502} 150.2 
20.2 | 122.5 |0.00590/0.00317) 0.00270}0.740) 26.0 
15.9 | 131.7 |0.00827|.0.00250) 0.00575) 0.817} 181.7 
137.0 |0.01058/ 0.00200) 0.00858} 0.864] 13.6 
10.9 | 139.7 0.01300) 0.00170) 0.00120| 0.910} 191.0 
9.35] 141.4 |0.01540/ 0.00145} 0.01395 |0.930| 7.0 
8.05 | 143.0 |0.01760} 0.00128) 0.01632 |0.943 | 194.3 
7.25 | 148.6 |0.02000} 0.00112) 0.01888/0.960| 4.0 
6.45 | 144.0 |0.02260| 0.00100} 0.02160 |0.964 | 196.4 
10 | 5.80} 144.2 |0.02510} 0.00090; 0.0242 |0.970] 3.0 
11 | 5.32 | 144.7 |0.0275 |0.00083| 0.02667 |0.973 | 197.3 
12 , 4.98 | 145.0 |0.03000/0.00078| 0.03022/0.980} 2.0 
13 | 4.51 | 145.2 |0.03240/0.00071| 0.03169 | 0.982 | 198.2 
14 | 4.19 | 145.7 |0.03480) 0.00066} 0.03414)0.986| 1.4 
15 | 3.87 | 145.7 |0.03730] 0.00061] 0.03669 |0.989 | 198.9 
16 | 3.70 | 145.7 |0.04000 | 0.00058; 0.03942/0.990; 1.0 
17 | 3.48) 146 |0.04220/0.00053) 0.04167 |'0.991 | 199.1 
18 | 3.22/146 |0.04450/0.00050} 0.04400}0.993 | 0.7 
19 | 3.06 | 146.2 |0.04700/0.00048; 0.04652 )0.994 | 199.4 
20 ; 2.90 | 146.2 |0.04960/ 0.00045! 0.04915)0.995 | 0.5 
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* Antenna gain and directivity factors have been omitted from the above 
calculations. 
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Ficure 10. Variation in effective height hy’ with 
reflection point di. 


wavelengths } = 1.50 meters and \ = 1.42 meters 
respectively. 

2. From equation (58) in Chapter 5, a second curve 
may be plotted with d, as abscissa and the equivalent 
height h,’ as ordinate as shown in Figure 10. To illus- 
trate, computed data for station A are given in 
Table 4, for a free-space range of dp = 100 km. d is 
calculated from equations (16) and (17). 

3. For any n, including integral and fractional 
values, d,; may be found from Figure 9 and the 
corresponding h,’ from Figure 10. The angles y’ 
corresponding to lobe maxima may then be calculated 
from equation (32). 


Lobe Angles with Horizontal 


The angle y’ given by equation (32) is measured 
with respect to the tangent plane through the reflec- 
tion point shown in Figure 8. This plane is inclined 
at an angle @ with the horizontal at the base of the 
transmitter. The true angle 7 which the lobe-center 
line makes with the horizontal is 


y=7 —-4, (34) 


where 


A= =e (35) 


Hence by equation (82) 


nr 


yg cet ONT ah 
s(n - #) ka? (36) 
2ka 


where odd values of n give maxima and even values 
minima, provided the reflection phase shift is 7 
radians. The angle may be either positive or nega- 
tive, as shown by equation (86). 


Use of Modified Divergence Factor 


The value of the divergence factor must be de- 
termined in order to calculate the maximum and 
minimum lobe lengths by equation (46) in Chapter 5. 
A convenient formula for the divergence factor at 
the angles of lobe maxima is obtained by substitut- 
ing y’ for y in equation (92) in Chapter 5. The 
errors involved in this assumption have been given 
previously .Substitution of y’ = yin equation (92) 
in Chapter 5 yields 


2hi’ 
1 
\ ‘ ka(y’)? 
For lobe maxima 
Xr 
hy ee 38 
YF (38) 
Hence 


ON 
iets ee 
\ - 2ka(y')3 


Contours of constant y’ are shown in Figures 11 
and 12 where y’ is a function of D and ni. 


Construction of Lobes 


For horizontal polarization, the distance dmax 
from the base of the transmitter to the lobe max- 
imum is calculated from equation (46) in Chapter 5 
by substituting K = (F2/F;)pD and sin? (Q/2) = 1. 
For horizontal polarization p = 1. Thus, 


— F,.. -? F. 
dmax = VG. E = * |] 4—D 40 
ido] 7, = F, (40) 
or 


dimnax = VGido E a. He D| 5 (41) 
Py 


Here F, and F; arecomputed from theangles yz and v 
given by equations (62) and (63) in Chapter 5. Thedis- 
tance dpi, from the transmitter base to the minimum 
point is obtained by substituting sin? (Q@/2) = 0 and 
K = (F./F;)D in equation (46) in Chapter 5. Thus 
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Figure 12. Contours of y’ as a function of D and ni. 
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Ps p| 6 (42) 
Fy 
The values of D to be used in equations (40), (41), 
and (42) may be read directly from Figure 11 or 
Figure 12, or calculated by equation (39). 
Intermediate points in the lobe may be formed by 
assigning fractional values to n. The corresponding 
path-difference angle 6 may be calculated in the 
following manner. Suppose it is desired to find 
intermediate points on the fourth lobe. The values 
of n for this lobe range from n = 6 to n = 8, with 
the maximum at n = 7. It follows that a change of 
2 in n corresponds to a change of 27 in 6. Thus if 
n = 6.5, 6 = (0.5/2)(27) = 2/2 = 90°. For hori- 
zontal polarization 2 ( = 6 + @’) reduces to 6, 
since @’ & 0. The distance from the transmitter 
base to this intermediate point in the lobe is equal to 


din = VGido E = 


Hype Gag — K) + 4K sin? (2), (43) 


as given in equation (46) in Chapter 5, in which 
K = (F2/F;)pD and p = 1. The value of D may 
be read from Figures 11 and 12, using the assigned 
value of nd and the relation y’ = n)d/4h,;’. The 
proper value of d; to be used in equation (63) in 
Chapter 5 to determine the antenna-pattern angle v 
may be read from Figure 9. 


Correction for Low Angles 


The method outlined in the last five sections 
depends upon the assumption that y’ > y or d; > 0. 
This assumption gives good results when n is a large 
number but serious errors are involved for small 
values of n. The method described in this paragraph 
is designed to avoid this difficulty. The procedure 
consists in plotting point by point the lobe-center 
lines and angles of lobe maxima. The points will be 
located by polar coordinates with the pole at the 
transmitter. The coordinates are shown in Figure 
13 as rq and 7. 

Referring to Figure 13, the following relations 


RECEIVER, 


Ficure 13. Geometry for radio propagation over 
spherical earth. See Figure 14 in Chapter 5. 


hold when the angle y is less than 10 degrees: 


oo aed 
(a) y= Te So 
AMO 8 geal 
(b) oe ka ka 
(c) 7, = va — 0 
d,* 
d le? = hp = SE 
(d) 1 ee ope (44) 
(e) Peale Ps Ghose 
0) w= (2=*)y 
Ta 
_ __(nd/2)d, 
(g) We 2QdyW? — nd/2 


Equations [(44a to e)] are obtained by inspection of 
Figure 13. Equations (44f) and (44g) are derived as 
follows: 


_sin2y _ ta_, 
sn@t+va) B wtva’ 
vivwe= 

Tq 


2) == 
Ta Ta 


The path difference A is given by 
mr 


A = Bap BS PS (@ = 180°). 
Hence 
nr 
A+B =) 42+ B? + 2AB cos y= > - 
Squaring, 
md \? 
B(2A — nd — 2A cos 2f) = nA — (2) ; 
Therefore, 
man 
B= 2 AN 


A(1 — cos 2p) _ 2 
2 
For small angles, 


cos 2 = 1 — GH" _ 1 — oy. 


Hence 
ee ees 
Re 2 2 _ -* —. 
n n 
2A — — 2Ay? — — 
v B) ¥ 2 
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Since the angle y is of the order of a few degrees 
only, it is permissible to write A = d; in the above 
equation. 

Neglecting further the term n\/4 in comparison 
with d,, which is permissible for short waves and 
small values of n, the above expression for B reduces 
to equation (44g). 

The method of determining the locus of points 
having a path difference of d/2 (ie., n = 1) is as 
follows. Assume a value of d; and calculate the 
corresponding values of ‘ 


hy’ by equation (44d), 
y by equation (44a), 
B by equation (44g), 
rq by equation (44e), 
Wa by equation (44f), 

6 by equation (44b), 
1 by equation (44c). 


The assumed values of d; are limited to those which 
will give positive values of B in equation (44g). 
Select as many values of d, as are necessary to plot a 
smooth path-difference locus. Repeat for n = 3, etc. 

This method of determining the angles of lobe 
maxima is of particular value in constructing the 
first few lobes, since the approximations in text on 
pp-441- 444 may cause considerable error for low 
angles. These path-difference loci will intersect a 
vertical line drawn from the antenna to the ground 
below at heights equal to n\/4. For short waves, 
this height is negligible for the lower lobes. 


LOBE-ANGLE METHOD 
(VERTICAL POLARIZATION) 


Angles of Lobe Maxima 


The values of n corresponding to the angles of 
lobe maxima are determined exactly as in text on 
p434 forthe case of a plane earth. The values of n 
in the expression y’ = n\/4h;’ are increased above 
those for horizontal polarization by an amount (An) 
to compensate for the reduced phase shift on reflec- 
tion. In other words, the path difference must be 
greater than integral multiples of \/2 to compensate 
for the reduced phase shift. The expression for this 
compensation, from equation (5), is 


An = — (45) 


Hence nN 
%= A S 
vy’ = (n+ An) ane 


[See Figure 8 and equation (32).] 


(46) 


Construction of Lobes 


As a first approximation, the angles of lobe maxima 
are calculated on the basis of horizontal polarization. 


A table is constructed giving values of n and y’ 
for maxima and minima. The next approximation 
is to let Y = y’. This assumes that d, << d. The 
values of d’ and p may then be found from reflection 
curves, and (An) calculated from equation (45). 
The corrected values of y’ may be determined from 
equation (46). It is simpler to find y’ by interpolat- 
ing between integral values of n in the n versus ’ 
table previously constructed. The values of dmax 
and dj, are 


Omax = VGido(1 af kK), (47) 
Anin = V@yds(1 — K), (48) 


where K = (F2/F\)pD. The divergence factor may 
be found directly from Figure 11 for the corrected 
values of n and y’. It will be found that for the higher 
lobes, the effect of (An) upon the value of the 
divergence factor is negligible. 

Table 5 shows calculations of the corrected values 
of m and y when the radiation from antenna A of 
p-441 and Table 4 is vertically polarized. “Trans- 
mission over sea water is assumed. Tables 6 and 7 
illustrate the effects of vertical polarization on reduc- 
ing the maxima and increasing the minima. 


TABLE 5 

o |e Io ea 

(in (in Ay! y' | 6 
n |degrees)| degrees) | An (rad) (rad) | (rad) 
0} 180.0 0 0 0 0 — 0.00788 
1| 175.0 5.0 0.0278 | 0.000064 | 0.00369) — 0.00071 
2)171.5 8.5 0.0472 |.0.000112 | 0.00602 0.00284 
3| 168.0 12.0 0.0664 | 0.000155 | 0.00843 0.00593 
4| 164.7 15.3 0.085 | 0.00204 | 0.01080 0.00878 
5 | 160.6 19.4 0.108 | 0.000250 | 0.01325 0.01153 
6 | 157.3 22.7 0.126 | 0.000290 | 0.01569 0.01423 
7|153 27.0 0.15 0.000374 | 0.01807; 0.01681 
8 | 149 31.0 0.172 |0.000413 | 0.02061 0.01947 
9)144.5 35.5 0.197 |0.000491 | 0.02309 0.02208 
10 | 140.0 40.0 0.222 | 0.000532 | 0.02563 0.02472 
11 |135.2 44.8 0.249 | 0.000623 | 0.02812 0.02735 
12 130.5 49.5 0.274 | 0.000685 | 0.03068 0.02991 
13 |125.8 54.2 0.301 | 0.000722 | 0.03312 0.03241 
14 |120.8 59.2 0.329 |0.000790 | 0.03559 0.03493 
15 |116.0 64.0 0.355 | 0.000886 | 0.03819) 0.03778 
16 |110.2 68.8 0.388 | 0.000968 | 0.04077 0.04019 
17 }105.3 T4A.7 0.415 | 0.000995 |.0.04320 0.04177 
18 |101.1 78.9 0.437 | 0.001091 | 0.04569 9.04519 
19 | 96.1 83.9 0.466 | 0.001130 | 0.04823 0.04775 
20! 91.8 88.2 0.490 |0.001224 0.05082} 0.05037 


*% corresponds to y’in Table 4. ¢/ = 1—@. 


TABLE 6 
dmax(HP) dmax(VP) @max (VP) 
n K (km) (km) dmax (HP) 
1 0.904 150.2 145.5 0.968 
3 0.765 181.7 162.5 0.895 
5 0.670 191.0 161.0 0.844 
¢ 0.585 194.3 155.2 0.80 
9 0.516 196.4 149.8 0.762 
11 0.458 197.3 144.6 0.733 
13 0.415 198.2 140.8 0.710 
15 0.385 198.9 138.0 0.695 
17 0.362 199.1 135.7 0.681 
19 0.360 199.4 135.8 0.680 
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TABLE 7 
dmin(HP)  dmin (VP) dmin (VP) 
n K (km) (km) dmin (HP) 
2 0.835 26.0 38.2 1.47 
4 0.725 13.6 37.4 2.75 
6 0.625 7.0 41.9 5.98 
8 0.548 4.0 44.8 11.2 
10 0.486 3.0 52.9 17.6 
12 0.436 2.0 57.3 28.6 
14 0.40 1.40 60.6 43.3 
16 0.375 1.0 62.9 62.9 
18 0.360 0.70 64.3 91.9 
20 0.355 0.50 64.7 129.4 


Tables 6 and 7 show the effect of a reflection 
coefficient which is less than unity. upon the max- 
imum and minimum ranges of station A in the last 
section.The first table gives odd values of n and 
maximum ranges; the second table gives even values 
of n and minimum ranges. The free-space range is 
100 km. 


GENERALIZED COVERAGE DIAGRAMS 
(HORIZONTAL POLARIZATION) 


Basic Parameters 


The u-v method applied to generalized coordi- 
nates which was given in previous text may be 
extended to all transmitter heights and wavelengths. 
In this method, points on the lobe are located by the 
intersection of the path-difference locus with the 
normalized distance envelope. The basic parameters 
are do and R. 

ln constructing a coverage diagram for a doublet 
transmitter, the transmitter height, the wavelength 
and the radio gain are known. It will be shown in 
later text that the normalized free-space distance, 
do = do/dz, is related to the gain factor A by 


L885 A, (49) 
The path-difference parameter FR has been expressed 


in equation (114) in Chapter 5 in terms of a height- 
wavelength factor r which is defined by 


R =m, (50) 
where ian 
pes (51) 
2N 29 73? 


The first maximum, which for horizontal polariza- 
tion occurs when A = }/2, corresponds to n = 1, 
the second minimum to n = 2, etc. Recalling the 
discussion on pp- 438 ff-, it follows that it is pos- 
sible to construct coverage diagrams in generalized 
coordinates with r the pattern or chart parameter 
and do the curve parameter on a chart for which r 
is fixed. 


Determination. of do 


It is possible to express do = d)/d7 in terms of 
E/E,, the ratio of the field strength H corresponding 


to the lobe, to the free-space field H, at unit distance 
from the transmitter. Since 
E 
dy = ae 
it follows that 
dy = — = ——., (52) 


The ratio HE may be expressed in terms of the 
gain factor A through the following relationships. 
By equation (16) in Chapter 2 


By = SE 
45 
When d = 1, this gives 
E? 
Pj =—. 53 
Nareae (53) 


For a doublet receiver with matched load and ad- 
justed for maximum power transfer, equation (17) 
in Chapter 2 gives 
ees 
‘ 1207 8x 


Hence 


Sel pe = (54) 
E 82 *P, 872A 


Substituting the value of E/E from equation (54) 
into equation (52): 


a=+(2), (55) 
dr \8rA 
and 1 8r\h — (8r\x 

a (® A V2ka 3 Tae (56) 


Equation (56) shows that if log h: is plotted against 
log A for fixed values of dy and X, a straight line 
results. These straight lines are shown in Figure 14. 

If h; and E/E, or hy, \, and A are known, do may 
be calculated from equations (52) or (55). The 
value of do determines the range of the lobe tor 
specified values of r. In Figure 14, the various 
values of do used in constructing the charts are 
specified as A, B, C,--- , M, N, and are shown as 
functions of h; as ordinate and 20 log A — 20 log X 
as abscissa. 


Determination of r 


Figure 15 shows r for various values of transmitter 
height h; and wavelength \ where 


2hidr hy3/2 V2ka 2he” 2 k 
= = =. (57) 
Aka dka oN ka 


a 
r 


The values of , determine how the path-difference 
curves intersect the envelopes corresponding to 
assigned values of sin? (9/2) in the equation 


d = 3 @ 
1 =ae = av Va — D)? + 4D sin? a (58) 


The generalized coverage charts are designated as 


COVERAGE DIAGRAMS 4A7 


1930 =10 =100 =90 =80 =10 =60 =30 
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Figure 14. Values of dy as functions of h; and 20 log A 


—20 log \. (See equation 56. The letters refer to cover- 
age diagrams plotted in Figures 16 to 39.) 


1, 2,--- , 11, 12 in Figures 16 to 39, with the chart 
number being given by Figure 15. 


Use of Charts 


The charts given in Figures 16 to 39 may be used 
for drawing coverage diagrams where the reflection 
coefficient is assumed equal to —1 and when the 
directivity factor F2/Fi is equal to unity. Hach 
chart may be used for values of r near that for 
which the chart is drawn. For intermediate values, 
interpolation between charts is necessary. Errors 
inherent in interpolation limit the accuracy attained 

On each chart are complete lobes or lobe out - 
lines labeled A, B, C,---, M, N. In the follow 


ing description these letters are referred to as lobe 
letters and the numbers 1 to 12 as chart numbers. 
Hach chart is plotted to two scales. 

The problem of constructing coverage diagrams 
resolves itself into finding the chart number and lobe 
letter corresponding to given values of gain factor A, 
transmitter height 4;, and wavelength \. As stated 
in previous text the basic parameters of the general- 
ized coverage diagrams are R and do or r and do. 
The value of r is given in Figure 15 as a function of 
and hy. Figure 15 was constructed from equation 
(51) which, after the substitution of numerical 
values, becomes: 


1030 4 
r= Tae (iors = 4), (59) 


The value of r determines the chart number. The 
lobe letter is found from the do corresponding to the 
given gain factor, transmitter height, and frequency. 
Figure 14 gives the lobe letters A, B, C,---, M, N 
as functions of 20 log A — 20 log ) and the trans- 
mitter height. The relationship for plotting these 
lines is given by equation (56). 

As an illustration of the use of the generalized 
coverage diagrams, assume 20 log A = —83, hy = 
33 meters, and f = 200 mc (A = 1.5 meters). If a 
straight line is drawn connecting h; = 33 and = 1.5 
in Figure 15, it will intersect the r scale at r = 8. 
Thus the chart number is 5. Now the lobe letter 
to be used in chart 5 must be found. For this case, 
20 log A — 20 log \ = —86.48. The coordinates 
20 log A — 20 log \ = —86.48, and h; = 33, de- 
termine the lobe letter to be H in Figure 14. Figure 
24 shows lobe E on chart 5. The first lobe is shown 
completely, together with the lower half of the second 
lobe. It must be noted that the coordinates of these 
charts, v = d/dr and u = he/h, are dimensionless. 
To convert to height hz and range d, the vertical 
distances must be multiplied by h; and the hori 
zontal distances by dy. In this case hi = 33 meters 
and dr = V2kah, = 23.6 km. The actual coordi- 
nates of the position of maximum range are hz = 
375 X 33 = 12.4kmandd = 15.4 X 23.6 = 365 km. 


Wiaure 15. Chart number and 7 as a function of \ and hy. (See Figures 16 to 39.) 
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¥icure 18. Generalized coverage diagram for r = 64. (See Figure 15.) 
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Fiaure 16. Generalized coverage diagram for r = 128. (See Figure 15.) 
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Figure 19. Generalized coverage diagram for r 
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Fiaure 17. Generalized coverage diagram for r = 128. (See Figure 15.) 
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Figure 22. Generalized coverage diagram for r = 1€. 
Fiaure 23. Generalized coverage diagram for r = 16. 
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Figure 20. Generalized coverage diagram for r = 32. 
Figure 21. Generalized coverage diagram for r = 32. 
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Ficure 26. Generalized coverage diagram for r = 4. (See Figure 15.) 


ADDERS TS ONGLEDS GN 
(ES ISN DD AAS 


VOESTSETNE TI Lf ed 


XLS 


LT 
QS 


NNES\VCERN : 


D> SQS NX f 
HTS CANA 
FE SS \ 


REFLECTION COEFFICIENT #—1 
CONSTANT GRADIENT OF REFRACTIVE INDEX 


CHART 5 


Figure 24. Generalized coverage diagram forr = 8. (See Figure 15.) 


Generalized coverage diagram for r = 4. (See l"igure 15.) 


Figure 27. 


Fieure 25. Generalized coverage diagram for r = 8. (See Figure 15.) 
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Fieure 30. Generalized coverage diagram for r = 1. 
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Figure 28. Generalized coverage diagram for r = 2. 
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Fiaure 31. Generalized coverage diagram for r =-1. 
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Figure 29. Generalized coverage diagram for r = 2 
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Figure 34. Generalized coverage diagram for r 
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Figure 35. Generalized coverage diagram for r 
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Figure 33. Generalized coverage diagram for r 
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Figure 38. Generalized coverage diagram for r 


Figure 39. Generalized coverage diagram for r = 1%. 
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Fiacure 36. Generalized coverage diagram for r 
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Figure 37. Generalized coverage diagram for r 


Chapter 7 


PROPAGATION ASPECTS OF EQUIPMENT OPERATION 


GENERAL PROBLEM 
Introduction 


F@ A STANDARD atmosphere and with the basic 

assumptions set forth in Chapter 5, the 
relation between the factors affecting the power of a 
set and the gain factor A is given in equations (3) 
and (5) in Chapter 5. The problem of computing A 
depends on the set in the sense that some sets are 
designed to operate in free space, others with the aid 
of reflection from the sea, as in low-angle and surface 
coverage. 

The characteristics of a set as given in the manu- 
facturer’s description or in Tables 3, 4, and 5 at the 
end of this chapter may not represent the true values 
for a set in field use. Expected set performance, 
such as maximum range and coverage, can be calcu- 
lated on the basis of the set’s rated characteristics. 
Such performance can be termed “normal.” If a 
set is behaving abnormally, it may be that it is not 
functioning most efficiently. Unfortunately, the 
problem is complicated by the possible presence of 
atmospheric ducts and by the variability and diffi- 
culty of finding accurately the radar cross sections 
of aircraft and ships. 

Ducts are especially important for low antennas 
in surface search. In the case of communication 
sets, the most important item of information from a 
propagation standpoint is the maximum range. In 
the case of radar, not only is knowledge of maximum 
range wanted but also the ability to estimate the 
size and type of the target. 


The Performance Figure 
and Efficiency 


The maximum range of a set depends on the peak 
power output P, of the transmitter, the minimum 
detectable power Pyin (See discussion in Chapter 2) 
of the receiver, and the antenna gains G, and G2. 
These can be grouped to give a performance figure. 
For communication, this figure is (P,/Pmin)GiG2. 
For radar, the gains G, and G, are generally equal. 
The performance figure is then (P,/Pmin)G?. The 
ratio of the actual performance figure to the max- 
imum possible value, or the difference in decibels, 
gives the efficiency of the set. In field use, it is 
generally impossible to measure the working per- 
formance figure with any precision and methods for 
obtaining a rough measure must be employed. 
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Effect of Reflection 


It has been pointed out in Chapters 5 and 6 that 
reflection may increase the maximum range of a 
radar up to twice the free-space value. This aids 
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Figure 1. Effect of beam tilt on coverage for a radar. 


the early detection of aircraft at low angles. How- 
ever, the minima which occur in the resulting inter- 
ference pattern prevent the continuous tracking of 
an airship coming in 

This effect can be counteracted in several ways. 
One way is to employ microwaves whose inter- 
ference lobes are narrow and close together. Vertical 
polarization is another means of filling in the nulls 
while gaining in maximum range at low angles. 
Another device is to tilt the antenna beam upward 
so that some radiation (but substantially less than 
half) falls upon the sea. The result is a gain in low- 
angle coverage while the high-angle coverage is that 
of free space, without minima. 

The effect of various percentages of specular 
reflection in comparison with the free-space pattern 
is shown in Figure 1 for various beam tilts of a 
radar with a comparatively narrow beamwidth (11 
degrees between half-power points). The experimen- 
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tal data, shown by small circles, illustrate the increase 
in detection range at 0 degree while at 5 degrees 
elevation angle there is little gain over free space. 
The roll of a ship, by varying the beam tilt, results 
in a shift in coverage, as can be seen from Figure 1. 


Signal-to-Noise Ratio 


The visibility of a signal on a scope depends on its 
relation to the noise. In early work with radar, the 
maximum range was defined by a ratio of signal 
voltage S to noise voltage N of unity, ie., 

S 
—=1. 1 
y (1) 
However, as pointed out in Chapter 2 , the min- 
imum detectable signal is greater than N. Since the 
pip on a scope includes noise, equation (1) is equiva- 
lent to 


= 2. (2) 


The relation of receiver power, P2, to noise power, 
NP, and the signal-to-noise ratio, S/N, is given by 
1 S 
10 log —= = 20 log —. 3 
GNP Ey (3) 


On an A scope, this relation signifies that the height 
of the signal is twice that of the noise grass. 

Since the visual signal in a set functioning properly 
varies linearly with the signal voltage, the size of 
targets can be estimated by means of the size of the 
visual signal. The ratio S/N gives a means of meas- 
uring a signal in terms of the noise. To change 
(S + N)/N to S/N, the value of (S+N)/N is 
expressed with unity as denominator. For example, 
if (S + N)/N is estimated to be 8/2 from the scope, 
the equivalent fraction is 4/1. The value of S/N is 
(4 — 1)/1 = 3/1. 


Calibration of an A Scope 


On an A scope, the ratio (S + N)/N can be 
estimated roughly by eye. To improve upon this, a 
calibration is employed. One method is to mark the 
A scope to facilitate the reading of heights. Another 
method goes beyond this and calibrates the gain 
control. A turn of 5 db is equivalent to a raito of 
1.8/1. A datum line 1 cm above the time line and 
another at 1.8 cm are drawn on the A scope. The 
noise is brought up to the datum line by means of 
the gain control. The position is marked 0 on the 
gain control (see Figure 2). A steady signal is found 
(permanent echo, large boat, or signal generator) 
which produces a signal height of 1.8 em above the 
time line. The gain control is then turned until the 
signal is reduced to the datum line. The position 
on the gain control is marked 5 db (see dotted lines 
in Figure 3). 


Keeping the 5-db position on the gain control, 
another signal is obtained which comes up to 
1.8-cm line. The gain control is turned until the 
signal is brought down to the-datum line. The new 
setting is marked 10 db. This is repeated until 
markings up to about 70 db are obtained. 

This calibration of (S + N)/N must be corrected 
to S/N (Figure 3) which can be done by means of 
Table 1. For 25 db and above, the values of 
(S + N)/N can be taken as equal to S/N. Any 
signal voltage can then be measured in decibels 
above the noise voltage (NV) by turning the gain 
control until the signal height is 1 em. By equation 
(3) this is also the signal power received, in decibels, 
above the noise power which is discussed in Chapter 
9 


ae 


TasLE 1. Correction of (S + N)/N to S/N. 


Corrected Uncorrected 
(4) db pe N ) db 
N N 
0 6 
5 9 
10 12.5 
15 16.5 
20 21 


In the calibration just described, the pip on the 
scope is supposed to be proportional to the received 
signal strength. In a set functioning normally, this 
is justified, but occasionally defects in the set may 
destroy the linearity. The existence of a linear rela- 
tion can be tested by means of a signal generator. 
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Ficure 2. Method of calibrating an A scope. 


Ficure 3. Calibration of gain control of an A scope. 
(Dotted lines are uncorrected calibration.) 
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FREE SPACE — HIGH-ANGLE 
COVERAGE 


Maximum Range Formulas 


In free space, the gain factor A has the value 
3\/8rd (for maximum power transfer between 


doublets). Equations (3) and (5) in Chapter 5 
then take the simple forms: 

0 P. 3d \? ; 
One-way, radio gan: — = GG i : 4 
aie d Pui Nema 4) 


4 
Two-way, radar gain: Pa G2. 1670 | ( =) . (5) 
P, 9? 8rd 
If Pz is replaced by the minimum detectable power 
of the receiver, Pmin, and P; by the peak power IZ 
of the transmitter, the maximum range is given by: 


3 
“way, dmax = 
One-way 3 


S| 2p. ERE (6) 
T 
4 
Two-way, Gmnax = ae 
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Ficure 4. Scanning loss as a function of scanning 
speed and beamwidth. 


Deviation from Maximum of Beam 


For an antenna whose direction is fixed, the 
equations reported above apply only to points on 
the axis of the beam. Denoting by f(z) the ratio of 
gain in a direction at an angle 7 from the axis of the 
beam to the gain at the axis and by 27 the beam 
width between half-power points, then 


T(x) = exp — 0.692(7/ r0)?. (8) 


Accordingly, for points off the axis, G must be 
multiplied by f(z) before substitution in the formulas 
mentioned 


Performance Figure 


Equations (6) and (7) for dmax depend on the 
performance figure defined in the last section. The 
quantities which appear in the performance figure 
can be measured. The one which offers most diffi- 
culty is Prin, the minimum detectable power, which 


has been discussed in Chapter 2 . In Tables3 and 4 at 
the end of this chapter, noise figures and bandwidths 
of various sets are given. An important correction to 
Pni,, a8 determined from the noise figure and band- 
width is the scanning loss. This loss for various 
scanning speeds and beamwidths is represented in 
Figure 4. Another source of loss is deviation of the 
product of bandwidth B (mc) and the pulse width 
t (microseconds) from the optimum value of. 1.2. 
The losses for various values of the product are tabu- 
lated in Table 2. 


TaBLeE 2. Loss resulting from band- and pulse widths. 


Bt* Loss (db) 
0.1 5.0 
0.3 1.5 
0.7 0.5 
1.2 0.0 
2.5 0.8 
-5.0 3.0 
10.0 ~ 5.0 
20.0 8.0 
*B = i-f bandwidth (mc); t= pulse width (microseconds). 


A field measure of the performance figure of a 
radar can be determined by the use of a target of 
known radar cross section, such as a silvered balloon 
and equation (7). A check on variability of per- 
formance can be made by finding the maximum 
range on a plane (using a constant aspect, such as 
nose or tail). 


Radar Cross Section 


An important but troublesome factor in calculat- 
ing dmax of a radar from a knowledge of the perform- 
ance figure is a, the radar cross section (see Chap - 
ter 2 and Chapter 9). The value of o can be found by: 

1. Laboratory measurement of the factors which 
constitute the performance figure and field determi- 
nation of the maximum range d,,x. The* value of 
c is then given by equation (7). 

2. Measuring the signal returned by the target 
at a convenient distance on a calibrated A scope or 
by direct comparison with a pulsed signal generator. 
In this method neither P,,;, nor dmax enter. 

The equations involving o assume a point target. 
Since an airplane intercepts a small solid angle over 
which the beam strength varies little, the assumption 
of a point target is adequate for aircraft. 


LOW-ANGLE AND SURFACE 
COVERAGE 


Maximum Range 


Since the gain factor A for this case is more 
complicated than for free space, the relation be- 
tween d,,,x and the performance figure cannot be 
given in general by a simple expression, as can be 
seen from equations (172) and (184) in Chapter 5. 
For ranges such that the shadow factor F; ~ 1, Le., 
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distances d less than 10')'/*, \, and d in meters, and 
both antennas low, or antenna and target low (/u,ho< 
30°’*), the form of A is simplified so that a simple 
relation can be given for dmax. Otherwise, the 
methods of Chapter 5 must be employed. 


Ducts and Set Performance 


It has been found from field tests that atmospheric 
ducts are likely to be found close to the surface of the 
sea. The consequent increase in range may mask 
subnormal set performance. If the antenna is 
tilted upward so that no radiation reaches the earth, 
then the free-space discussion of thisChapter applies 
to the field determination or check of the per- 
formance figure. Otherwise field testing, when condi- 
tions are normal, can be accomplished by the use of 
permanent echoes or the use of a ship of known 
target cross section. 


Low Heights and Plane Earth Ranges 


For these conditions, the following relations must 
5 /, } 
hold: (Aye < 30078, d < 10*"’), 
where h, d and ) are in meters, 

In the dielectric case (see Chapter 5 ), generally 
applicable to radar, the value of A [equation (172) 
in Chapter 5] for F, = 1 andg = 1, becomes 

3 lik 
As ===, 9 
5 (9) 
Since A = AoA, and Ao = 3/87d, the preceding 
equation is equivalent to a path-gain factor value of 


Iihe 
A, = dp = 10 

Pp 7 dd (10) 
[See equation (55) in Chapter 5.] Instead of equa- 
tions (4) and (5), we now have [from equations (3) 
and (5) in Chapter 5] for a dielectric earth, 


Pee N ng see 7, ay38 

One-way, radio gain: = = Are F (11) 
mle ae os hythetc 

Two-way, radar gain: P, = 9rG? oan (12) 


Hence for maximum range, replacing P; by P,, 
and P,by Prin, 


yma et 
One-way,  dmex = \3 hehe? = ccs) es) 


Two-way, dma = pay nie) aus 
” P min 
The maximum range now depends on the antenna 
heights and on the target height. 
Radar Cross Section 
of Surface Craft 
Effective Height of Targets. Since the field varies 
considerably with height for a low target, the 


scattering by even simple geometrical objects 
requires integration. The formulas for radar in 
the last sectionapplyto a point target with radar 
cross section o at an effective height hog. 

In the case of a cylinder of radius a and length 
H, the radar cross section in a uniform field is 
o = 2raH?/. Under operating conditions the field 
is not uniform but a feasible approximation may be 
obtained by using the preceding value of o and a 
value of he equal to the average value of the target 
height. 


Maximum Range Vs Height Curves 


By the method reported in Chapter 5 and also in 
Chapter 6 , the maximum range versus height 
curves can be constructed for various values of A. 
These are of importance chiefly for low-angle aircraft 
coverage. If the performance figure, (Pp/Pmin)G?, 
is known, equation (5), in Chapter 5, defines the 
relation between o and A so that o can be taken as 
the curve parameter instead of A. Equation (5), 
Chapter 5, can be written 


Ip 

20log A = —5 log —? G?—5loga ~5log =. (15) 
A set of curves for a 10-cm radar is given in 

Figure 5 for a transmitter height of 30 meters. The 

curve corresponding to c = 31 square meters is indi- 

cated. The corresponding value of 20log A = —130 

was found from equation (15), using the value of 
5000; | | | | | 
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Figure 5. Maximum range versus height curves for 
various targets. 
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218.4 db as the performance figure. 

For a ship with an effective height of 18 meters, 
Figure 5 gives the value of 20 log A at various dis- 
tances. With the aid of equation (5), in Chapter 5, 
the power P, returned to the radar by the ship at 
these distances can be found, using the following 
data: P; = P,= 60 kw, G = 22.5 db, and o = 7,440 
square meters. 

In Figure 6, the maximum range versus distance 
curves for a set are presented. This set has a beam- 
width of 60 degrees so that it is effective for tracking 
aircraft coming in toward the set (increasing angle 
of elevation). The near coverage then approximates 
the free-space coverage which is dependent on the 
angle of inclination of the antenna. 

In Figure 7, curves are presented for a 3-cm set. 


Estimating Ship Size 


The fact that the strength of a signal received 
from a target depends on the size of the target can 
be utilized to estimate ship size. If signal strength 
versus distance curves are obtained for surface craft 
of various sizes, then by plotting readings from an 
unknown vessel, its size may be estimated. A field 
procedure for obtaining these curves is to use a 
number of surface craft of assorted sizes and follow 
them on a radar with a calibrated A scope, recording 
signal strength versus distance. If a number of such 
runs are taken during periods judged to be standard 
and the results averaged, a fairly reliable chart 
should result. 

The curves can be obtained by calculation using 
measured power output and antenna gain and 
empirica]'y determined values of « in equation (5) 
in Chapter 5. The shape of such a curve for a “point” 
target is given in Figure 26 in Chapter 5. The radar 
curve can be obtained from this curve by changing 
the ordinate back to 20 log A [equation (8) in 
Chapter 5] and-then using equation (5) in Chapter 5. 

Since an actual surface target is generally large 
and at short distances intercepts a considerable 
part of the energy, the oscillatory part of the point 
curve of Figure 26 in Chapter 5 is smoothed out. 
The value of A for short distances is sometimes 
taken as 6Ao, or 15 db above the free-space value. 

In Figure 8, an example is given of curves com- 
puted for various ship sizes. Most of the plotted 
points fall in the 200- to 600-ton region. However, 
the precaution of a performance check is necessary 
in order to use this method most effective1y (see 
next section ). Since shape plays an important part 
in radar cross section, a ship of unusual shape may 
give a signal outside its class. ‘ 


Performance Check 


Since the performance of a set varies, before a 
chart such as has been described is used to detect 
unknown ships, it should be checked to determine 
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Figure 6. Maximum range versus height curves for 


various targets. 
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Ficure 7. Maximum range versus height curves for 


various targets. 
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Ficure 8. Estimation of ship sizes. (From Coast Artillery Experimental Establishment, England.) 
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Figure 9. Range in thousands of meters. (From Coast Artillery Experimental Establishment, England.) 
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whether set performance is normal. The curves 
can be used for this check by using a known ship. 
Such:a check is shown in Figure 9 for two different 
days. On one day, the points for the ship fell in 
the correct region. On the other day, they fell too 
low by about 20 db. Accordingly, on the latter day 
the curves should have been used with an ordinate 
correction of —20 db. 

Other types of performance check may be used, 
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such as permanent echoes, free-space range of air- 
craft, or a signal generator. 


DATA ON EQUIPMENT 


The tables given in this section are not intended 
to be exhaustive. These are the best available data 
but should be used with caution, since specification 
changes may change rated characteristics of sets. 


Tasie 3. Communication equipment. 


Power Antenna 
Communieation Frequency output Receiver Polarization Gain Beamwidth 
equipment (mc) (watts) sensitivity (db) Horizontal Vertical 
SCR-608 30 25 0.2 uv V Whip 
SCR-300 44 0.5 2.5 Uv Va Whip 
AN/TRC-1 70-100 50 25 uv H 6 
(4 channel) 
SCR-522 125 6 4 pv 4 Whip 
AN/TRC-8 240 12 30 LV H 7 
(4 channel) 
AN/TRC-5 1,400 400 NF* 12 db H 14 
AN/TRC-6 4,600 2 NF* 19 db H 33 
TBS 70 50 5 pv V 1 
AN/ARC-1 125 10 5 uv V Whip 
* Noise figure. 
TaBLE 4. Radars. 
Receiver 
Power sensitivity 
Frequency output Noise figure Bandwidth Antenna Beamwidth 
Radars (me) (kw) (db) (me) Polarization Gain (db) Horizontal Vertical 
SCR-271DA 106 100 6 1 H 19.8 11° 12° 
AN/TPS-3 600 200 11 1.8 H 23.4 12° 11° 
SCR-584 3,000 300 15 1.7 H 30.8 7° a 
AN/MPG-1 10,000 60 17 10 40.8 0.6° 3° 
SC-4 200 200 6 0.5 H 13.5 20° 60° 
SQ 2,500 1 13 2 V 20 8° 15° 
SG-1 3,000 50 18 1 H 28 6° 15° 
ASB 515 10 15 1.4 H 30 60° 
Taste 5. IFF or beacons. 
: Antenna 
Frequency Power Receiver Polarization Gain 
IFF or beacons (mc) output sensitivity (db) 
AN/TPX-4 170 0.5 kw 15 Hv V 6 
AN/UPN-1,2 3,000 50 kw 0.05 Lv H 6 
AN/UPN-3,4 9,320 300 kw 0.02 HV H 12 


Chapter 8 
DIFFRACTION BY TERRAIN 


OUTLINE OF THEORY 
Introduction 


HE EFFECTS of diffraction around natural ob- 
T stacles of complicated shape are difficult to 
analyze. Theory offers two lines of approach to 
diffraction problems, both based on the substitution 
of contours of simple shape in place of the natural 
obstacle. 

The first and oldest method, known as the Fresnel- 
Kirchhoff method, is an approximate procedure for 
calculating the diffraction by a flat screen. It yields 
comparatively simple formulas for the diffracted 
field; the present chapter is concerned with a 
presentation of this method. 

The second method is based on the fact that the 
wave equation can be solved for obstacles of very 
simple geometrical shape, especially cylinders and 
spheres. If the curvature of a hill is fairly constant, 
so that its shape can be approximated by a cylinder 
or sphere, the field behind the hill can be obtained 
by the use of this method. 

Observations on diffraction by obstacles in the 
short wave and microwave region are very sparse. 
It is, therefore, not possible to present a consistent 
body of results that could be utilized in radio prac- 
tice. It seems, however, rather certain from the 
observations that when the shape of the obstacle 
approaches one of the special shapes dealt with by 
the theory,. the latter gives a fair account of the 
facts. Such cases will not be found too frequently 
“in practice. The hope is nevertheless justified that 
the right order of magnitude is obtained by a judi- 
cious application of the theory. The main applica- 
tion is in the lower frequency band (80 to 200 mc); 
for higher frequencies, the diffracted field is rela- 
tively unimportant. 


The Fresnel Diffraction Theory 


The Fresnel-Kirchhoff approximate theory was 
originally developed to account for the diffraction of 
beams of light when cut off by diaphragms, slits, and 
similar optical devices. In applying this theory to 
the propagation of radio waves over the earth, only 
one basic problem is usually encountered, namely 
that of diffraction around a straight edge. In the 
present section, the general method of handling this 
problem and obtaining numerical results is given. 
On applying the method to actual cases certain 
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accessory problems arise which will be dealt with 
in following sections. . The most important of these 
complications is caused by ground reflection. 


| 
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Ficure 1. Diffraction around straight edge. 


In Figure 1, the area CAPBD forms an opaque 
screen bounded by a straight edge BPA. The width 
AB of the screen is assumed infinite in the mathe- 
matical theory, but is here shown finite for simplicity. 
The line connecting the transmitter 7’ to the re- 
ceiver & intersects the plane of the opaque screen 
in the point M whose distance from the edge is 
PM = hy. The shortest unobstructed path of the 
radiation is TPR. 

In a purely geometrical theory, the point R would 
be in the shadow of the screen and would receive no 
radiation. If the wave nature of radiation is taken 
into account, it is found that an electromagnetic 
field is generated in the shadow of the screen; the 
waves are bent around the obstacle. 

The mathematical derivation of the diffraction 
formulas will not be given here as it is rather intri- 
cate; however, the problem is discussedin following 
text.The discussion here is limited to a qualitative 
visualization of the mechanics of diffraction in the 
text below; the final formulas used for computa- 
tions will then be written down at once. 


Mechanism of Diffraction 


The physical idea underlying the Fresnel-Kirch- 
hoff diffraction theory may be presented as follows. 
At points visible from T the field, to a first approx- 
imation, is equal to the free-space field Hy. This 
applies in particular to all points of the plane EHCDF 
containing the screen. The receiver R receives 
radiation from the open part HAPBF of the plane, 
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while there is no radiation incident upon RF from the 
opaque surface CAPBD. In order to compute the 
field at R, it is assumed that in the open part of the 
plane the field is Hy while on the opaque screen the 
field vanishes. Such a field distribution may be 
realized physically by assuming that there is a con- 
ducting sheet in the open region HAPBF with 
suitably chosen oscillating charges or currents such 
that the field Eo is produced on the side of the sheet 
facing the receiver. The total radiation received 
at R from such a current-sheet will be equivalent 
to the radiation from 7 bent around the diffracting 
screen. The fictitious sheet HAPBF forms a system 
of secondary sources of radiation whose effect is 
equivalent to that of the primary source for all 
points on the far side of the plane ECDF (side of the 
receiver), but not on the near side (side of the 
transmitter). 

It is evident that most of the radiation received 
at R comes from the area near the point P above the 
line APB. The relative importance of contributions 
of areas more or less removed from P is discussed in 
following text. 

When the primary source at T is replaced by a 
distribution of secondary sources in the plane of the 
screen, an essential approximation is made. It is 
assumed that there are no secondary sources in the 
opaque region CAPBD. In reality, the screen is a 
physical body and, whether it is a conductor or a 
dielectric, there is an electromagnetic field in its 
surface layers, especially near the edge APB, and 
this field makes a contribution to the radiation 
received at R. In the approximate theory, it is 
assumed that the field on the surface of the opaque 
screen is negligible. In the terminology of optics, 
this implies that the screen is black; in radio termi- 
nology, it means that the surface of the screen is 
rough 


The Straight Edge Formula 


The physical picture just described can be put 
into mathematical language. When the rather 
intricate derivations are carried through, a rela- 
tively simple formula results. : 

The symbols and designations used are illustrated 
in Figure 2. In accordance with practice it is 
assumed that the line TR is nearly horizontal. The 
trace of the opaque screen on a vertical plane through 
T and R is assumed perpendicular to the line TR 
(upper part of Figure 2). The trace of the screen 
on a horizontal plane may, however, make an 
angle @ with the line TR (lower part of Figure 2). 

In view of the approximate nature of the theory 
explained in the preceding paragraph, the following 
conditions must be fulfilled in order to obtain 
reliable results: 


d,d2 > >ho >>. (1) 
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Ficure 2. Diffraction around straight edge. 


That is, the distances from the transmitter and 
receiver to the obstacle must be large compared to 
the height of the latter above the line TR, and this 
height must be large compared to the wavelength. 
The second of these conditions is likely to be ful- 
filled in the short-wave and microwave bands, and 
the first will be fulfilled when the angles of elevation 
a and a, of the rays, drawn from the transmitter 
and receiver to the edge, are small. 

A second condition for the validity of the diffrac- 
tion formula refers to the horizontal extension of the 
screen. The formulas are derived for a screen of 
infinite horizontal extent, but in practice it will 
usually suffice if the horizontal extension of the 
screen is large compared to the height ho. 

If these conditions are fulfilled, the field at the 


receiver is given by 
jm /4 


V2 


where Ep is the asin field at the receiver in 
absence of the screen and 


p= thy? (142) 1.) = (asta). 3) 


In the last formula, use is made of the fact that 
ay ene a, are small angles so that approximately 
ho/d; and a2 = ho/ dz. 


é 


i = b= gee 2 du, (2) 


The Fresnel Integrals 


An integral of the type appearing in equation (2) 
is known as Fresnel’s integral; its properties will 
now be briefly discussed and numerical data given. 
The standard Fresnel integral is usually defined as 


C(x) — jS() = fe ee, (4) 


C(v) = [eos (< “) dv, 
so fan (ge)o 


If this function is plotted in the complex plane, 
with C and S as abscissa and ordinate, respectively, 
for all values of v, a curve is obtained that is known 
as Cornu’s spiral (Figure 3). C — jS is represented, 


where 
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in magnitude and phase, by a vector from the origin 
to a point on this spiral. 

It may be shown that the length of are along the 
spiral, measured from the origin, is equal to »v. 
In the graph, values of v, counted positive in the first 
quadrant and negative in the third quadrant, are 
indicated along the spiral. As v approaches infinity, 
the spiral winds an infinity of times around two 
points lying at the distance 1/¥2 from the origin 
on a 45-degree line. C and S for the end points are 


Cle) =>, Sea aee 


Application to Straight Edge 


Since 
et ltj 
Somme 
equation (2) may be rewritten, on using equations (4) 
and (5), as 


B=% #1 h 4 cw -L-jsm|. © 
It will be noticed that the quantities 
1 -f1 
=~+C, j(=+8S 
pied ¢ t ) 


have a simple geometrical meaning. They are the 
real and imaginary components, respectively, of a 


Figure 3. Cornu spiral. 


vector drawn from the lower point of convergence 
(point —1/2, —j/2) of the Cornu spiral to a point 
on this spiral. The bracket in equation (6) is equal 
to this vector in magnitude but with opposite phase. 

The Fresnel formulas and Cornu spiral as given 
above will assist the reader in establishing the rela- 
tions of our equations with the classical theory of 
diffraction as found in all textbooks on the subject. 
For practical purposes the field behind a diffracting 
straight edge given by equation (6) will be denoted by 

E = 14 . 

Ei ze"?, (7) 
In Figure 4, fhe modulus z is plotted as a function of 
v. In Figure 5, the phase lag ¢ is plotted in a similar 
way. (With the above choice of the sign, ¢ is positive 
in the shadow.) 

The variable » is given by equation (3). On 
account of the square root, there is an ambiguity in 
sign. Closer inspection shows that » must be taken 
positive when the receiver is in the illuminated region, 
above the line of sight; » must be taken negative when 
the receiver is in the shadow Zone. 

When »v tends to —  , the line APB (Figure 1) 
moves far upwards relative to the line TR; the 
receiver lies deep in the shadow and # approaches 
zero by equation (6). When» tendsto + o , the line 
APB moves far downward, and the screen ceases 
to form an obstruction, H approaches EH. At the line 
of sight (when the point P in Figure 1 coincides 
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with M), » = F(v) = 0 and E = £)/2. Clearly, the 
effects of diffraction are not confined to the shadow 
region but extend considerably into the illuminated 
zone. If the receiver is sufficiently deep in the 
shadow, about » > —1, the following approximate 
formula holds: 

0.225 


v 


a 
Ep 
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Figure 4. Magnitude of relative field strength E/E 
versus 0. 


Polarization. Large Angles 


It may be noticed that in the preceding equations 
no reference is made to the state of polarization of 
the diffraction field. The results of the approximate 
Fresnel-Kirchhoff theory are independent of the 


state of polarization in agreement with observation. 
If the angles of diffraction (a; and a, Figure 2) 
become. large, larger than a few degrees, for instance, 
the approximate theory no longer applies. The 
deviations from the Fresnel formulas then go in 
opposite directions for the two states of polarization. 
If the electric vector is parallel to the diffracting 
edge, the field in the shadow at large angles is 
slightly diminished as compared with that given by 
the Fresnel formulas; if the electric field is per- 
pendicular to the diffracting edge, the diffracted 
field in the shadow at large angles can become appre- 
ciably larger than the calculated one and, in the case 
of very large angles, the excess may reach the mag- 
nitude of, say, 6 to 15 db. In the region above the 
line of sight, the sign of the polarization effect is 
reversed (slight increase for polarization parallel to 
the edge, appreciable decrease for polarization 
perpendicular to the edge). : 

These effects are entirely analogous to those that 
are observed when the currents induced in the surface 
of the obstacle cannot be neglected and they have 
the same physical origin. 


360 
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Ficure 5. Phase lag (ordinate) of relative field 
strength (E/E) versus » (abscissa). 
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DIGRESSION ON FRESNEL’S THEORY 
Fresnel Zones 


The concept of the Fresnel zone has played an 
important role in the development of diffraction 
theory. As it is frequently referred to in papers on 
the subject, it may be useful to digress briefly on it. 
Fresnel’s original construction is based on the con- 
ception that any small element of space in the path 
of a wave may be considered as the source of a 
secondary wavelet, and that the radiation field can 


Ficure 6. Relations of Fresnel zones and diffracting 
slots. 


be built up by the superposition of all these wave- 
lets (Huyghens’ principle). In particular, consider 
the field produced by the transmitter in the open 
part of the plane containing the diffracting screen 
(EAPBF in Figure 1) and let each element of this 
plane be the source of a secondary wavelet. This 
may be achieved by distributing a suitable ficti- 
tious system of oscillating currents (or a system of 
elemertary doublets of proper strength) over the 
surface of the plane. The field at the receiver is then 
the superposition of all the fields produced by the 
wavelets. 

Now let (Figure 6) S be a plane perpendicular to 
the line TR and let M be the point in which the line 
TR intersects the plane S. Let Q be a point on the 
plane S such that the difference in path between 
TQR and TMR is just 4/2. The locus of these 
points is a circle about M. Similarly we can con- 
struct other circles so that the corresponding path 
differences are integral multiples of 4/2. The area 
within the first circle is called the first Fresnel zone, 
the subsequent ring-shaped areas are called the 
second, third, etc., Fresnel zones. The secondary 
wavelets originating in the first, third, fifth, etc., 
Fresnel zones are in phase with each other and rein- 
force each other by constructive interference at R, 
while the secondary wavelets originating in the 
second, fourth, etc., zones are in phase with each 
other but out of phase with the former group and 
tend to cancel the field produced by this group. 

Hence if the plane S is opaque except for a round 
hole centered on M, the intensity of the radiation 


field at R will depend on the number of Fresnel 
zones that fall inside the hole. If we start out with a 
very small hole and progressively increase its size, 
there will be a maximum of intensity at R (nearly 
twice the free-space field Ho) when the hole just 
comprises the first Fresnel zone. If the size of the 
hole is further increased, the destructive interference 
of the second zone comes into play, decreasing the 
intensity, and a minimum (very nearly zero) is 
reached when the hole contains just the first two 
zones. On continued increase of the hole size, 
further maxima and minima appear. The amplitude 
of these oscillations decreases very gradually until 
eventually the field at R approaches the free-space 
value. 


Diffraction by a Slot 


The preceding considerations indicate that only a 
comparatively small area of an opening, of the order 
of one Fresnel zone, is required to produce an 
illumination that is comparable in order of magni- 
tude to the free-space field. It is also seen that the 
simple geometrical construction of the Fresnel zones 
is more suitable when dealing with the diffraction 
by round openings than with screens bounded by 
straightedges.- Qualitatively, however, the conditions 
are similar. 

As an example, consider the case of a slot bounded 
by parallel edges at distances ho and ho’ from the 
point of intersection M between the plane of the 
slot and the direction from the observer to the 
distant light source (see Figure 6). The diffracted 
field H will obviously be equal to the free-space 
field Ep if the slot is infinitely wide on both sides of 
M, which corresponds to a vector joining the two 
foci of the Cornu spiral. However, there is an infinite 
number of other finite openings of the slot which 
also will give the free-space field. Suppose, for 
instance, that ho = ho’ in Figure 6 and that the slot 
width is gradually increased from zero. A glance 
at the Cornu spiral (Figure 3) shows that when 
v = 0.75 and v’ = —0.75, the vector representing 
the diffraction field is approximately equal to the 
free-space field. This width represents, for a slot, 
the analogue of the first Fresnel zone for a circular 
opening. 


DIFFRACTION BY HILLS 
Introduction 


The formula for diffraction by a straight edge may 
be applied in radio practice to determine the diffrac- 
tion field behind a ridge. The ridge need not be 
perpendicular to the transmission path, but the 
condition given in equation (1) must be approx- 
imately fulfilled. The distance from transmitter 
and receiver to the ridge should be large compared 
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to the height of the latter above the straight line 
TR; and that height should be large compared to 
the wavelength. 

Moreover, as discussed in the first section , the 
diffraction formula applies in principle only to the 
case where the effect of the currents induced on the 
surface of the ridge upon the field at the receiver 
can be neglected. This is the case (1) when the ridge 
has the shape of a steep and narrow knife-edge 
protruding from the surrounding countryside; or 
(2) when the surface of the ridge is rough (see sec- 
tionbelow). Experience shows that so long as the 
profile of the ridge is reasonably compact and its 
surface reasonably rough, the diffraction formula 
will give the magnitude of the field behind the ridge 
to within a few decibels. 

If the ground near the transmitter or receiver is 
smooth, however, it becomes necessary to take 
ground reflection into account. This may be done 
by introducing an image transmitter and receiver. 
The field is then the sum of four components whose 
relative phase must be calculated (see Figure 11). 

Earth curvature will be neglected throughout the 
present section. 


Criterion for Roughness 


It is difficult to establish a quantitative criterion 
for the roughness of a surface. From the viewpoint 
of radiation theory, the effect of a rough surface is 
to scatter incident radiation diffusely in all directions 
with no preference for the direction of regular reflec- 
tion, whereas a smooth surface will reflect the inci- 
dent radiation according to Snell’s law. In radio 
work, the effect of diffuse reflection is to weaken the 
radiation scattered in the direction of the receiver 
so much that its intensity may be neglected com- 
pared to the direct ray. A moderately rough surface 
will give a coefficient of reflection intermediate 
between zero and unity. A surface will be optically 
smoother as the incident radiation approaches 
grazing, and even surfaces that are comparatively 
rough geometrically may then give partial reflection. 

A rule taken from optics and known there as 
Rayleigh’s criterion has been used successfully in 
radio practice. Assume that the roughness is pro- 
duced by numerous small elevations above a level 
surface and let H be the typical height of such an 
elevation. The difference in path between a ray 
reflected from the ground and a ray from the top 
of the elevation is 2AB in Figure 7, which is equal 
to 2H sin y or 2Hy approximately for small angles y. 
The difference in phase between the two rays is 
2Hy(27/X). The criterion now requires that the 
surface be considered as rough when this phase 
difference exceeds 45 degrees, or 7/4 radians. 

Hence the critical value of H is given by 
4nrHy) 7 r 


FU H=—, 
7 eae aT Ey (8) 


Ficure 7. Geometry for Rayleigh’s criterion for 
rough ground. 


with y in radians and 

t= @) 
with y in degrees. The surface is considered smooth 
or rough according to whether H is smaller or larger 
than this value. 

Sometimes it is convenient to refer to the field 
pattern that would be present over a reflecting 
surface. This is done by introducing a new variable, 
the lobe number 

Ay 

n 1 (10) 
(fd transmitter height above the ground), where 
n = 1, 8, 5, etc., correspond to the angle of the first, 
second, etc., maxima in the lobe pattern and n = 0, 
2, 4, etc., to the nulls of the lobe pattern. Introduc- 
ing 7 into equation (8), the criterion assumes the 
form 
ha 
eS (11) 

Although the criterion is approximate and gives no 
more than an order of magnitude estimate, it is rather 
surprisingly well fulfilled in radio practice. Experi- 
ence has shown that when the differences in level 
which constitute roughness are of the order indicated 
by these equations, the reflection coefficient is 
reduced to a small fraction (about one-fifth) of the 
value calculated for an ideal surface. 


H= 


Diffraction by a Straight Ridge 


Assume that the ground intervening between the 
transmitter and receiver is everywhere rough, so 
that all ground reflection may be neglected. For 
the sake of computation, the ridge is replaced by a 
vertical screen of height ho above the line TR. The 
top of the ridge forms the diffracting edge (P in 
Figure 8). If the profile of the ridge is somewhat 
‘more complicated, the effective diffracting edge might 
be a purely mathematical line, as shown in the lower 


Ficure 8. Diffraction by a straight ridge. 


DIFFRACTION BY TERRAIN 467 


part of the figure. The height ho is conveniently 
determined from a profile of the transmission path 
obtained from a topographic map. If the heights 
hy, he, and h of transmitter, receiver, and obstacle, 
respectively, above a given reference level such as 
sea level are given, we have 


_ dha + dah 
dy + dy 


where the signs have been chosen so that ho is nega- 
tive when the receiver is in the shadow of the ridge 
and positive when it is in the illuminated region. 
Now, by equation (38), 


v= in? Ge 
1 


In these equations, give the angles a; and a2 the same 
sign as fo and give v- the same sign that fo has in 
equation (12). 

The ratio of the field to the free-space field at tHe 
receiver is now given by | H/E) | = 2(v), defined by 
equation (7) and plotted in Figure 4. In Figure 9, 
this ratio is given in decibels as a function of the 
quantity z= —h/Vdd (all lengths in meters). 
The successive curves in Figure 9 correspond to 
different values of the ratio d,/d2 or d:/d; (choose 
whichever one is the smaller). Only the field below 
the line of sight is shown. . 


—h, (12) 
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Ficure 9. Field in shadow behind a diffracting ridge. 


Figure 10. Diffraction field above the diffracting edge. 


Field Near the Line of Sight 


The fact that just above the line of sight the field 
increases above its free-space value may sometimes 
be used to obtain a favorable site (Figure 10). The 
maximum value of the field is about 1.17 times the 
free-space value (Figure 4), equivalent to 1.36 db. 
On the other hand, there are advantages in avoiding 
a line TR that is too close to grazing the top of 
an intervening obstacle, as this will substantially 
reduce the signal. At the line of sight, the signal is 
6 db below free space. In order to get approximately 
the free-space value of the field, the crest of the 
obstacle should be sufficiently below the line TR 
so that v > 0.8 where v is given by equation (13), 
ho being the clearance between the line TR and the 
obstacle. In cases where the heights and distances 
are not quite certain, it is therefore preferable to 
select a higher and definitely unobstructed site 
rather than to try to utilize the small gain that might 
possibly be had from the diffraction field. 


Diffraction with Reflecting Ground 


When the ground near the transmitter or receiver 
is smooth and reflecting, the diffraction problem 
becomes very complicated. It can be solved by the 
method of images on assuming that the radiation 
reflected on the transmitter side of the obstacle 
issues from an image transmitter and that the radia- 
tion reflected on the receiver side is incident upon 


4 R 
T 
oe x 
Ficure 11. Diffraction of direct and reflected rays. 


an image receiver (Figure 11). The total field at the 
receiver may be written 


E = FE, — BE, — Ey + Es, 


where each term on the right-hand side is of the 
form of equation (6), #, corresponding to the direct 
radiation, H, to the radiation from the image trans- 
mitter to the receiver, H; to the radiation from the 
transmitter to the image receiver, and H, to the 
radiation from one image to the other. These four 
terms differ in the value of v assigned to each of 
them; the effective height ho computed by equation 
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(12) and the path lengths being different in each case. 
From Figure 9, the diffracted field is found to be 
14 db below the free-space field at the same distance. 


Example 


Assume that from a topographic map the profile 
shown in Figure 12 has been drawn. The horizontal 
scale is in kilometers and the vertical scale in meters 
above sea level. From this profile, combined with 
inspection of the terrain, it has been found that the 
ground is so rough that the reflected rays may be 
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Ficurs 12. Assumed profile. 


disregarded. ‘Ine ueights above sea level of trans- 
mitter, receiver, and obstacle, are respectively 
hi = 24 meters, ho = 33 meters, h = 69 meters. 
Since d, = 9,000 meters, d, = 5,400 meters, d = 
14,400 meters, we find from equation (12) that 
ho = —39 meters. Assume a wavelength of 1 meter: 
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DIFFRACTION BY COASTS 
Introduction 


Diffraction occurring at coast lines is significant 
for coverage problems of coastal radars. It becomes 
particularly important when the sets are used for 
height-finding purposes where an accurate knowledge 
of the lobe angle and possible deformation of the 
lobes is required. 

The diffraction might be due either to the fact 
that the radar is sited on a cliff or to the sudden 
change in surface properties. Reflection from rough 
ground is diffuse, so that there is no interference 
between direct and reflected rays when the reflection 
point lies on this type of terrain, but interference 
does occur when the reflection point lies on the sea 
surface from which regular reflection is obtained. A 
situation commonly occurring is that of a search 
radar sited on rough terrain a few miles inland from 
the coast. Here coastal diffraction may result in an 
appreciable deformation (shortening or lengthening) 
of the lobes. 

More generally, diffraction occurs with level 
ground whenever there is a change, especially a 
sudden change, of ground properties along the trans- 
mission path. The formulas developed for coast- 
line diffraction may equally be applied to the case 
where rough ground suddenly changes into smooth, 


reflecting ground. Similarly, the effect of patches 
of smooth ground in rough surroundings, such as a 
lake in wooded country and, vice versa, rough 
patches in smooth terrain, may be treated by means 
of the Fresnel-Kirchhoff theory. Here, attention 
will be confined to the case of a straight boundary, 
applving the diffraction theory developed in the 
first section of this Chapter . 


Level Site Near Coast 


Assume a transmitter sited on rough ground near 
a coast. If diffraction were disregarded, the coverage 
pattern would appear as. follows. When the reflec- 
tion point is on the land, the reflected ray is diffusely 
scattered and its field at the receiver is negligible. 
Again, if the reflection point falls on the sea, the 
reflected ray will be present and will interfere with 
the direct ray with its full or nearly its full intensity. 
The ray leaving the transmitter at an angle yo 
(Figure 13), such that its reflected counterpart 
undergoes reflection right at the shore line, divides 
the coverage diagram into two parts. For angles of 
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Ficure 13. Diffraction by a coast line. 


elevation larger than y = yo the field will be essen- 
tially the free-space field; for angles of elevation less 
than Y = y the familiar lobe pattern, for complete 
reflection, will appear with maxima equal to twice 
the free-space field. When diffraction by the coast 
line is taken into account, the discontinuity expressed 
by this rough picture is replaced by a smooth transi- 
tion of the field from one region to the other. 

The land surface may be considered as an opaque 
screen for the image transmitter from which the 
reflected rays seem to come (Figure 13). This prob- 
lem is somewhat different from the diffraction prob- 
lem treated previously since the trace of the screen 
in the vertical plane through 7’ and FR is no longer 
perpendicular to the line T’F as it was, for instance, 
in Figure 2, upper part. In the present case, the 
effective height ho of the diffracting edge for any 
given ray is the perpendicular projection from the 
coast line upon this ray, as shown in Figure 13. 
The slant distance of the coast from the trans- 
mitter is d;. Assuming that the receiver (target) is 
far distant, a condition usually fulfilled in radar 
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practice, dz >> d, and the angle y between the 
direct ray and the horizontal will be equal to the 
angle between the image ray and the horizontal. 
Then approximately, since the angles are small, 


ho = dha, = dy (Yo Ss Y), (14) 


where d, and a have the significance given themon 
page 462. There whe signs have again been 
chosen so that ho is negative when the receiver 
(target) is in the shadow of the screen with regard 
to the image transmitter. 

The distance from the transmitter to the diffract- 
ing coast depends on the azimuth (Figure 18). 
Therefore, with the designations of the figure, 


Fees (15) 
cos y 


Equation for Field Strength 


he expression for the diffracted field of the 
image transmitter is given by the straightedge 
formula, equation (6), with v given by equation (3). 
Since 1/d: is assumed negligibly small compared to 
1/di, we find, on using equation (14), 


2d, 
joe eone ey 


This may be further simplified by introducing a new 
variable, the lobe number 


eae (17) 
» 

(fy = transmitter height). This quantity is equal to 
1,3,5--- at the interference maxima and equal to 
0, 2,4,--- at the interference minima but is here 
taken as a continuous variable, defined for any value 
of y. In particular for y = Yo we put n = mo. Since 
Yo = hi/di, we have by equation (15) 


ae Ahw, Ah cosy 


n 18 
0 vi (18) 
Equation (16) may now be written 
Ny — n 
a (19 
V2 ) 


The diffraction formula will again be written, in the 
form of equaticn (7), as 

Bagot 

Eo 
where z and ¢ are the functions of v shown in Figures 
4 and 5. ; 

The total field obtained by the interference of the 

direct and reflected ray is 


E=£&(1 —ze""~*), (20) 
where the negative sign in front of the second term 
in parentheses accounts for the 180-degree phase 
shift at reflection, and the phase lag zn corresponds 
to the path difference between the reflected and 
direct rays. 


The absolute value of the field is 


E , 
4 = V(1 — 2)? + 4zsin (an + £). (21) 


Figure 12 in Chapter 5 may be used for the numer- 
ical evaluation of this equation. 

The formula can readily be generalized to the 
case where the reflected ray is weakened by (1) a 
reflection coefficient, R, different from unity, and 
(2) the effect of the earth’s curvature expressed by 
the divergence factor, D, (Chapter 5). If, moreover, 
the phase lag at reflection is not 7 but 7 + ¢’, the 
equation becomes 


= V(1 — 2RD)?+ 42RD sin? 4 (xn + 6’ + 8). 
(22) 


By 


Example 


Assume the following conditions. A radar set of 
200 me (A = 1.5 meters) is sited at a height hy = 15.3 
meters (about 50 feet) and at a distance to a straight 
shore line of dj = 195 meters (about 0.12 mile). 
The ground between the radar and the seashore 
is level but can be considered as rough for prac- 
tically any angle of elevation, on applying the 
criterion of data discussed .The coverage diagram 
will first be determined in the azimuth perpendicular 
to the coast line, where d; = d, or cos y = 1. 
Then by equation (18), m = 3.20. With this value 
of no the variable v is determined by equation (19). 
We shall confine ourselves to integral values of n, 
that is, to those angles which, in the presence of 
simple reflecting ground, correspond to lobe minima 
and maxima. Having obtained v, one then deter- 
mines 2 and ¢ from Figures 4 and 5. The field in 
terms of the free-space field is then obtained from 
equation (21), either by direct computation or by 
means of Figure 12 in Chapter 5. The numerical 
data for the first five lobes are summarized in 
Table 1. The last column of this table contains the 
values of E/E which would be obtained if the magni- 
tude of the reflection coefficient were assumed to be 
zero over land and unity over the sea and if diffrac- 
tions were neglected. 

The same calculations are carried out for an 

TaBLe l. (y = 0°). 


|E/E)| with |E/E| without 
n v Zz diffraction diffraction 
(degrees) 
() Wee, aleall/ () 0.17 0 
1 0.87 1.05 —12 2.05 2 
2 0.48 0.80 —15 0.75 0 
3 0.08 0.54 — 4 1.54 2 
4 -—0.32 0.36 24 0.69 1 
5 —0.71 0.26 11 1.26 1 
6 —1.11 0.19 145 1.16 1 
7 —1.51 0.14 242 0.94 1 
8 —1.90 0.12 5 0.88 1 
9 —2.30 0.10 158 0.92 1 
10 —2.70 0.08 339 0.94 1 
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TaBLE 2. (y = 45°). 


|E/Eo| with  |E/Eo| without 
n v Zz ¢ diffraction diffraction 
(degrees) 

0 150 ne OF 6 0.10 0 

1 iboats 117 — 8 2.17 2 

2 0.83 1.03 —138 0.21 0 

3 0.50 0.82 —15 1.80 2 

4 0.17 059 -— 8 0.42 0 

5 -—0.17 0.42 11 1.42 1 

6 —0.50 0.31 42 0.80 iL 

7 —0.83 0.23 90 0.91 1 

8 -—117 0.18 157 0.88 1 

9 —1.50 0.14 240 0.99 1 
10 —1.838 0.12 338 1.12 1 


azimuth inclined by an angle 7 = 45° with respect 
to the coast line. Then, from equation (18), mo = 4.5. 
The results are given in Table 2. 

In the problem considered here, the angles of 
elevation are comparatively large (for n= 1, 
y = 1° 24’). If the effects of diffraction occur at 
lower angles, the divergence factor D must be taken 
into account (see Chapter 5). This is done by com- 
puting D for the angles desired and replacing z by 2D 
in equation (21). 


Cliff Site 


If the radar is sited on a cliff and if the land inter- 
vening between the radar and the reflecting plane 
(ocean) is rough, the equations given on page 46 9 
apply. We shall now consider the case where the 
radar is sited at some distance from the cliff edge 
and where the ground between the radar site and the 
cliff edge is reflecting. There are then two reflecting 
planes, the lower of which might be the ocean, or 
might be a reflecting land surface. In Figure 15, 
this surface has been designated as ocean. The upper 
coverage pattern corresponding to Table 1 is shown 
graphically in Figure 14. 
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FE; IGURE 14. Coverage diagram (relative field strength). 
(Heights exaggerated 3.5 to 1.) 


It is seen from these data that the lobes near the 
critical ray (ray whose reflection point is at the coast 
line) undergo very considerable deformation. The 


Figure 15. Diffraction from a cliff site. 


plane is at a height H above the lower plane and the 
transmitter at a height hf; above the upper plane. 
Assume that the azimuth chosen is perpendicular 
to the direction of the cliff edge; the distance of the 
radar to the cliff edge is do. For any other azimuth 
(angle y in Figure 13), replace do by do/cos y in the 
following equations. 

Two images are shown in Figure 15 and two 
fictitious opaque screens, one corresponding to each 
image. The corresponding variables are distinguished 
by single and double primes. The lobe numbers are 
given by 


n= Aha 
r 
ME a Es) 
nN hy 


The critical angle, Yo = hi/do, is the same for both 
image transmitters. Thus 


0g See 
Ado’ 
Re 4(H + Iu)ky _ mo'’(H + In) 
Ado hy 
Further 
OP = Colic , 
V2n0! 
Ta Ul eM Al 
er 1 ie 


Again, the field is given by 
EVE (1) —alenia® gt izflemsan rats) s (23) 


The expression for the field strength [equation (23)] 
is in a form where all the quantities involved may be 
evaluated for any given height of transmitter, height 
of the cliff, and any wavelength by using graphs and 
tables given in earlier paragraphs. 


Chapter 9 
TARGETS 


SCATTERING PARAMETERS 
Radar Cross Section 


N DETERMINING the coverage to be expected of 
I radar systems, it is important to know what 
fraction of the power incident upon a target will be 
returned to the receiver. A parameter involving the 
dimensions and orientation of the target, and usually 
also the wavelength, and which measures the propor- 
tion of power returned, is called a scattering para- 
meter. 

The most generally used of these parameters is the 


radar cross section introduced in Chapter 2. It 
is denoted by c and is defined by 
W. 
= 4rd? — 1 
o 7 W. , ( ) 


2 


where W, is the scattered power per unit area at the 
receiver and W,, is the incident power per unit area at 
the target. In terms of c, the radar gain is 
2 
Ea gigi’ = Ay? 
4rd? \8rd 


This equation may also be written in the form 


(2) 


where 


is the gain factor introduced earlier (see Chapter 5 ), 
Ap is the free-space gain factor and A, is the path- 
gain factor. 


Target Gain 


Another scattering parameter is Gp, the target 
gain, discussed in Chapter 2. It is the gain of the 
target in the direction of the receiver relative to a 
shorted (dummy) doublet antenna. The target gain 
is connected with o by the relation 


_ Vane 


G 3 3 
R 5 (3) 
The corresponding radar gain is 
Pa _ sGQGpA'. (4) 


1 
The factor 4 is due to the calculation of Gp relative to 
a shorted doublet rather than to a matched load 
doublet. If the calculation of Gz were made relative 
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to the matched load doublet, the factor 4 would be 
replaced by 1. 


Echo Constant 


The echo constant, denoted by K, is defined by 


W, (2)' 
=—{- 5 
WAx (5) 
and is related to « by 
o 
=——., 6 
And? (6) 
The corresponding power ratio is 
I? 2 (=) 
— = KG,G,{ — ) A’. 7 
P, nod Wes (7) 


Except for the factor 147, K is just ¢ measured 
in square wavelengths. 


Equivalent Plate Area 


A plate of area S placed normal to the direction of 
propagation has a radar cross section given by 
2. 

c= 40 ; (8) 

provided the linear dimensions of the plate are large 

compared with X. Any target may be supposed to 

scatter (in the direction of the radar) an amount of 

energy equal to the amount that a plate of area S 

would scatter in this direction. This area S is called 

the equivalent plate area of the target. The corre- 
sponding radar gain is 


Le Ge: ye 


a (9) 


Scattering Coefficient 
or Characteristic Length 


This parameter has also been called the radar 
length of the target. The definition is 


Ee az (10) 
where L, = field strength at the receiver, 
E, = field strength incident on target. 
It is evident that 
b= (11) 


4a 
connects L with radar cross section. The radar gain 
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becomes 


2 
=? = GG (e) As, (12) 


RADAR CROSS SECTION 
OF SIMPLE FORMS 


Spheres 


The radar cross section of any large curved con- 
ducting surface having principal radii of curvature 
p, and pe at the reflection point is given by 

o = Tipe. (13) 

This formula applies if the surface is sufficiently 

large and sufficiently curved to contain many 

Fresnel zones. For a sphere of radius a, where 
a>>, 

o = 7a’. (14) 


Thus, in the case of a large conducting sphere, the 
radar cross section is equal to the geometrical cross 
section and is independent of wavelength. 

The result for small spheres (a < < }) is 


- of 
o = 1447° Ti (15) 


There is no simple formula for the radar cross 
section in the region a ~ X. 


Cylinders 


The radar cross section of a cylinder whose length 
is large compared with the wavelength is 


oat, (16) 

This formula assumes that the direction of inci- 

dence is normal to the cylindrical surface. If the 

cylinder is tilted so that there is a small angle 6 

between the normal to the cylinder and the direction 
of incidence, the result is 


(17) 


This result holds for small angles of tilt 6 such that 
sin 6 = 0. ; 

a = radius, 

L = length (L>>n). 


Plates 


where 


A flat plate of area S with all dimensions large 
compared with \ and oriented so that the normal 
to the plate is in the direction of incidence, has a 
radar cross section given by 


o=4r—, (18) 


regardless of shape. 
For a circular plate (a disk) of radius a, whose 
normal is at an angle 6 with the direction of incidence, 


2 
c= 7a? [cote de (24sin a) | ; (19) 


where J; is the first-order Bessel function. The 
maximum value is at @ = 0, where 
_ 4nat 

2 
This agrees with equation (18), since at normal 
incidence S = za?. 

The peculiar feature of equation (19) is that the 
maximum at @ = 0 is very sharp. For example, if 
d/a = 1/10, co is only 1/10 of its maximum value 
when 6 = 1.25°. 

The average value of o over all orientations is 

ees 
o 5 7a. (21) 
This result is independent of wavelength and sug- 
gests that a large number of flat plates oriented at 
random will have a cross section independent of 2. 
or that a few surfaces of rapidly changing orienta- 
tion may have this property. 

The results for a rectangular plate are practically 
the same as for a disk. If the dimensions of the 
plate are b and c, za? is replaced by bc in equation 
(20) and equation (21); equation (19) is replaced by 


sin (27 sin 6 - cos ) 
8 nN 


a sin @- cos@ 


(20) 


o 


4rb?c? 
oc = — 5 cos 


2 
sin = sin 6 - sin ) 
Sa (22) 
= sin 6- cos@ 


where the sides 6 and ¢ are parallel to the 2 and y 
axes, and sin 0 cos ¢, sin @ sin g, and cos @ are the 
direction cosines of the direction of incidence rela- 
tive to the plate normal. 

These results hold when the linear dimensions 
of the target are large compared with the wave- 
length. If the linear dimensions are small compared 
with the wavelength, a plate of area S, oriented so 
that the normal to the plate is in the direction of 
incidence, has a radar cross section given by 


_ 32° $8 


o Z 
3 


(23) 


Corner Reflectors 


The corner formed by three mutually perpen- 
dicular conducting planes forms what is called a 
corner reflector. The faces may be triangular or 
square or have other shapes, depending on how the 
planes are bounded. A line drawn to the corner 
making equal angles with the three edges is called the 
axis of symmetry. 

Reflection from a comer reflector may be analyzed 
by the methods of geometrical optics, provided the 
linear dimensions of the reflector are large compared 
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with the wavelength. A ray which is reflected from 
all three surfaces is said to be triply reflected. 
Triply reflected rays always return to the radar and 
make the only large contribution to the radar cross 
section which ina corner reflector is 
4nrS* 
c= 
XG 

where S is the cross section of the triply reflected 
beam. Sis a function of the shape of the faces of the 
corner reflector and of the angle of incidence of the 
radiation. 

For a triangular corner reflector, o is given approx- 
imately by 


, (24) 


i a (1 — 0.00076 6), (25) 


where LZ = length of edge of reflector, 
@ = angle between direction of incidence and 
the axis of symmetry in degrees (6 < 26°). 
As a function of 6, o has a broad, flat maximum. 
Consequently, the return to the radar receiver from 
such a target is not sensitive to the precise orienta- 
tion of the axis of symmetry. 


AIRCRAFT 
Variation with Aspect 


Diagrams showing the dependence of c on orienta- 
tion indicate very large and irregular fluctuations. 
Radar cross section o« can change from values of 
nearly 1,000 square meters to a few square meters as 
a result of a change of aspect of a few degrees. These 
instantaneous values of the radar cross section are 
dependent on wavelength, polarization, details of 
plane design, areas of specular reflection, propeller 
rotation, etc. Reflection patterns have been meas- 
ured for a few simplified models by laboratory means 
(see Figure 1 as an example). It would be difficult 
to calculate instantaneous values of o by theoretical 
methods. 

In practice, however, an airplane is in motion and 
is affected by air currents. These factors cause the 
airplane, in a short interval of time, to present many 
widely different instantaneous values of o to the 
radar, so that the signal actually seen on the scope 
by the observer is in effect a time average, where the 
most violent fluctuations of instantaneous values 
of « have heen smoothed out. 


Measurement of o 


The radar equation for free space, equation (45), 
in Chapter 2, may be used for the computation of 
average values of o from observed instantaneous 
values, provided conditions are such that ground 


reflections are unimportant. The receivea power Ps 
is determined by matching the signal from the plane 
with the measured signal from a signal generator . 

The procedure followed in work at the Radiation 
Laboratory is to measure the maximum value of P2 
for each of a series of 3-second intervals. A plot is 
made of P2 against range d on log log coordinates. 
As might have been anticipated from equation (45), 
in Chapter 2, it is found that a line with a constant 
slope of —4 passes through the average of the 3- 
second interval maximum points, although the 
individual points fluctuate widely. The value of o 
corresponding to this line is calculated. 

The resulting value of o still cannot be called an 
average value because the maximum value of oc 
has been used for each point. Consequently these 
values of o, substituted into equation (45) in Chap- 
ter 2, cannot be expected to give the average value 
of Ps, or to give observed maximum ranges. How- 
ever, it is found that if the values of « thus computed 
are reduced 40 per cent, they give correct results. 

These empirical cross sections are relatively inde- 
pendent of wavelength. This result may be inter- 
preted to mean that a plane in motion behaves more 
or less like a collection of specularly reflecting sur- 
faces oriented at random, as equation (21) indicates. 

Attempts have been made to develop formulas 
giving operational cross sections as a function of 
some large feature of plane design, such as wing 
span or length of fuselage, but these attempts have 
not been successful. 
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Ficure 1. Aspect diagrams of B-17E, 5 degrees above 
horizon. 


Chapter 10 
SITING 


GENERAL 


ITING REFERS to the selection and utilization of 

local terrain features which affect propagation 
and the performance of equipment. From a pre- 
liminary analysis, the general location, type of 
equipment, and height may be determined. The 
specific sites available may, however, profoundly 
alter performance-in several ways. Careful analysis 
and tests may then be necessary to determine the 
best use of the facilities at hand and for an under- 
standing of the limitations due to the terrain. 


Siting Requirements 


With communication equipment, the siting prob- 
lems are principally concerned with visibility and, 
in wooded areas, absorption by vegetation. When 
siting direction-finding equipment, it is important 
to realize that reflections from mountains or other 
irregularities may cause serious angular errors which 
should be avoided by proper choice of the location. 
Both direction-finding and radar equipment require 
orientation. 

Radar siting requirements are rather different and 
depend on whether ground reflection is of importance 
or not. The siting of radars operating mainly on 
the direct ray is relatively easy and is principally 
concerned with permanent echoes and visibility. 
The most exacting site requirements are presented 
by the VHF early warning and height-finding radars, 
which to a large extent depend on ground reflection 
for successful operation. The siting problem then 
requires the consideration of terrain effects such as 
limited reflection areas, cliff edges, obstacles, etc., 
which involve diffraction problems of considerable 
complexity. Recommendations for specific sets are 
given in instruction manuals furnished with the 
equipment. 


TOPOGRAPHY OF SITING 


Profiles 


Radar ana direction-finding systems, which may 
cover a large area and involve many services, use a 
grid for plotting purposes. The grid location, height, 
and orientation of each station must be known with 
reasonable accuracy. Topographic maps of a scale 
of one or two miles to the inch and contour intervals 
of not more than 100 feet, preferably 20 feet, should 
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be secured. These may be supplemented by aerial 
photographs and surveys. 

In a complicated terrain, it is usually necessary to 
have profiles on several azimuths to determine the 
effective height above the reflecting surface. The 
accuracy required decreases with the distance from 
the transmitter. In most cases sufficient detail is not 
available on maps, so that a personal inspection of 
the terrain should be made to become familiar with 
the nature of the soil and degree of roughness. 
Special attention should be given to ridges, flat 
areas, bodies of water, distance to the shore, hills 
to the rear, obstacles in the operating area and 
at the boundaries. 

Where long distances and directive beams are 
involved, fairly accurate orientation of the order of 
one-half degree is required. Care must be taken when 
using compasses because of local attractions or 
inadequate information on declinations. Observa- 
tions on Polaris give the greatest precision but this 
star is not always visible and it is often inconvenient 
to use a transit at night. Caution must be used in 
aligning on permanent echoes, as they may be diffi- 
cult to identify. In general, several methods should 
be used to obtain independent checks. 

Solar azimuths, correct to the nearest quarter of a 
degree, may be determined from the date time to the 
nearest minute, and the latitude and longitude to 
the nearest degree. Two methods will be given for 
obtaining the azimuth of the sun: (1) by calculation, 
(2) from tables. 

The azimuth of the sun may be calculated from 
the formula, 
tan B = — eu iD) 5 (1) 
cos¢ tan 6 — sing cos (HA) 
= bearing of the sun. The bearing is east or 
west of south when ¢ — 5 is positive. 
The bearing is east or west of north when 
o@ — 6 is negative. The bearing is east 
in the moming (6 will be negative) and 
west in the afternoon (8 will be positive). 
hour angle of the sun. During the morn- 
ing hours when the hour angle is greater 
than 12 hours, its value should be sub- 
tracted from 24 hours for use in the 
formula. 
latitude of the place of observation. 
declination of the sun at the time of 
observation. The signs of @ and 6 are 
important and each is positive when 
north of the equator and negative when 
south. 


where B 


HA 


o & 
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DECLINATION Im DEGREES 
CousTion OF Tut m= muRUTES 


Figure 1. Calculation of solar azimuth. 


The hour angle HA is the local apparent time 
(LAT) minus 12 hours. To convert the observed 
time into LAT, the civil time at Greenwich (GCT) 
must be found and combined with the equation of 
time to correct for the apparent irregular motion of 
the sun. This gives Greenwich apparent time. 
GAT, which is converted to LAT, by allowing for 
the longitude. The equation of time and the decli- 
nation of the sun are plotted for 1945 in Figure 1. 
The annual change is small and these curves may 
be used for most orientations without regard to the 
year. Standard time meridians are given every 
15 degrees east or west of Greenwich, each zone 
corresponding to one hour. Care should be used to 
take daylight saving or other changes from standard 
into account correctly. 

The calculations may be illustrated from the 
following data: date, 16 March; time, 1345 hours 
PWT; latitude, 40° north; longitude, 118° west. 
The HA is computed first. 


Observed time (PWT) 13 hr 45 min 
Zone difference + 7hr 

Greenwich civil time 20 hr 45 min 
Equation of time (Figure 1) — 9 min 
Greenwich apparent time 20 hr 36 min 
Longitude difference (for 118° W) — Thr 52min 
Local apparent time (LAT) 12hr 44 min 
LAT —12 hours = HA —12hr 


Hour angle of sun 


HA in are +11° 
Latitude p + 40° 
Declination of sun 6 (Figure 1) —) 2° 


Substituting in equation (1), 

sin 11° 
cos 40° - tan (—2°) — sin 40°- cos 11° 
B = 16° 10’ 


Since @ — 6 is positive, 6 is the bearing from the 


EARTH d; Ss h 


ka 


tan 6 = — 


Figure 2. Geometry for horizon distance for zero 
height transmitter. 


+ Ohr 44min 


Ficurz 3. Geometry for horizon distance with ele- 
vated transmitter. 


south. The bearing is west of south, since HA is 
positive (p.m.). The azimuth ot the sun is 
180° + 16°10’ = 196° 10’.* 

The equal altitude method is less convenient but 
requires no calculation. This method consists in 
measuring the horizontal angles between the sun 
and a mark taken when the sun is at the same alti- 
tude on both sides of the meridian of the observer. 
The bisector of the horizontal angle between the 
two equal altitude positions of the sun during the 
observations is very close to true south, and the 
azimuth of the mark may be determined. 


GEOMETRICAL LIMITS OF VISIBILITY 


Horizon Formula 


It is assumed throughout that the earth radius is 
ka (see Chapter 4). Whenever numerical examples 
are given, the standard value, k = 4/3, is used. 
The alternate method of accounting for refraction 
givenin Chapter 4 may also be used in connection 
with the following equations if k ~ 4/3. 

When 2a horizontal ray, tangential to the earth, is 
drawn, the earth slopes away (Figure 2) at the rate of 

ad? 
hs == 2 
2ka @) 
Hence the horizon distance dr for a transmitter at a 
height h above level ground is equal to 
dr = V2kah. (3) 
Numerically, when all the lengths are in meters 


_ 4 
dy = 4,120 Vh fork = ae (4) 


With fA in feet and dz in statute miles, by a curious 
numerical coincidenee, 


— 4 
drp=NV2h fork = 3° (5) 


When both terminals of a path are elevated above 
the ground (Figure 3), the horizon distance is 


dy, = V2ka (Vi, + Vin), (6) 
where again V2ka = 4,120 in the metric system. | 


8 This result could have been obtained directly from 
Azimuths of the Sun, HO71, U.S. Naval Department, Hydro- 
graphic Office. The equation of time may be obtained from a 
current copy of The American Nautical Almanac, U.S. Naval 
Observatory, Washington, D.C. 
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Tf d is in statute miles and h in feet, 


. (7) 


Cole 


dy, = V2h, + V3h2 fork = 


The relation between hy, h, and d, is graphically 
presented in Chapter 5, Figure 2 as a nomogram. 


Height of Obstacle 


As a first case, consider a smooth earth and two 
terminals at the ground. The earth itself forms an 
obstacle which reaches its maximum height h,, in the 
middle of the path (Figure 4). By equation (2) 


@) 
9 2 
he 2 d 


~ Qka ~ 8ka" 8) 
A point P on the ground at distances d’ and d’’ from 
the two terminals (see Figure 4) has an elevation 


d+d di-d 
2 ale e i 
: < u d ae 
Ficure 4. Height of earth as an obstacle. 


above the straight line connecting the terminals 


given by 
(e +: a @ = oy 
a Ee 


9 
2ka .2ka (9) 
or, after a simple reduction, 
h Oe = 56.10 Saal’ (10) 
7 oe ; 


where h, d’, and d”’ are given in meters. If h is in 
feet and d’ in statute miles, 


yee 
nae? 


fork = 4/3. (11) 


Secondly, assume that the terminals are elevated 
(Figure 5). The elevation of the straight line con- 
necting the terminals, for a flat earth, is equal to 
d! he site d! hy 
where d’, d’’ are again the distances to the terminals, 
and hy, he are the corresponding elevations. 

In order to account for the effect of the earth’s 
curvature, Figure 5 may be considered as a plane 
earth diagram on which a ray will appear curved, the 
deviation from a straight line being downward and 
given by equation (10).See dashed line in Figure 5. 


h= (12) 


h, 


| 
| 
Ra aS sede a8 


Ficure 5. Height for elevated terminals. 


Hence, the total height above the theoretical 
ground is 


d'he Aes dh, d'd”’ 

bam. ~- Ge, ? 

When the heights are expressed in feet and the dis- 

tances in miles, the first term remains unaltered, 

while the second term again becomes d’d’’/2 for 

k = 473. 

Equation (13) is used to decide whether and by 

how much an obstacle such as a hill will obstruct a 
given transmission path. 


Extended Obstacle 


When the obstacle is of appreciable horizontal 
extension, it may not possess a single peak to which 
equation (13) can be applied without ambiguity. 
The case of twin mountains is shown in Figure 6 for 
straight rays (earth’s radius ka). 


(13) 


FreureE 6. Height of equivalent diffracting edge. 


The optical peak P of the obstacle for radio or radar 
transmission is the point from which both terminals 
are just visible. For a given profile, the limiting rays 
to the terminals may be found by trial and error by 
applying equation (13) to those points of the profile 
which are most likely to represent limiting elevations. 
In the theory of diffraction (Chapter 8)P marks 
the position of the equivalent diffracting edge. 


Degree of Shielding 


As a measure of the degree of shielding, the angle 
between the tio limiting rays drawn from the 
terminals to the (actual or equivalent) peak of the 
obstacle of height h, may be used. 

Since all angles considered are small, the sine or 
tangent of the angle may be replaced by the angle 
in radians: Consider first the ray going from the 
first terminal to P (Figure 7). The angle of the ray 
with the horizontal at the terminal is 


Ligeti 


= 14 
- d’ ka o 
and its angle with the horizontal at P is 
byt yn 
= ane iy 15 
By = a + is a + ae (15) 


The angle of the ray going from the second terminal 
to P is determined correspondingly. 
The angle between the two 1ays is tren equal to 


pit b= {J+ ur) - nh) (16) 


2 OCC aC 
where d = d’ + d’’, and (ka) = 1.18- 107 (meter) '. 
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Ficure 7. Shielding between transmitter and receiver. 


When d is measured in miles and h in feet, equation 
(16) becomes 


Bi -+ B: = 1.89- 10a] 


hp hy i] 2 
1-— -- mGLZ 
Wait Ce (Le ) 


PERMANENT ECHOES 


Permanent echoes are caused by reflections from 
terrain features such as mountains or even smooth 
surfaces near the antenna (ground clutter). With 
radars, the indicator is obscured by the strong 
echoes from hills and the minimum detection range is 
increased by ground clutter. With direction finders, 
erroneous indications are caused by the spurious 
reflections. Permanent echoes are among the princi- 
pal problems involved in siting, as many otherwise 
excellent sites are rendered worthless by excessive 
fixed echoes. Several methods are available for 
determining the suitability of sites in this regard 
without actual field tests. 

A number of factors combine to make permanent 
echoes more troublesome than might be expected. 

1. Hills and land surfaces are so much greater in 
extent than the target which the equipment is de- 
signed to detect that strong echoes may be obtained 
from distances where an ordinary target would give 
an echo far below normal detection levels. 

2. The low elevation of the land surfaces places 
them in regions most subject to nonstandanl 
propagation effects where extreme ranges and large 
responses are frequently obtained. 

3. Side lobes of the horizontal pattern of the an- 
tenna cause permanent echoes to appear at several 
other azimuths in addition to that of the main lobe. 

4. Strong permanent echoes from mountains to 
the rear may be caused by back radiation from the 
antenna. The low intensity of the back radiation 
may be compensated by the size of the mountains. 
Such echoes are especially harmful as they obscure 
the operating sector, 

5. Objects appear wider because of the antenna 
heamwidth and of greater extent in range as a result 
of the pulse width. 

6. Diffraction over intervening ridges may be 
sufficient to nullify their screening action so that 
objects behind a ridge are visible. 

7. The use of a permanent echo as a standard 
target may be very misleading. A decrease in per- 
formance that seriously affects echoes from small 
targets may not have any noticeable effect on the 
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response from large targets. An echo used for a 
standard target should be weak and near by. 


Permanent Echo Diagrams 


The permanent echoes associated with a radar 
station may be plotted on a polar chart and their 
extent, location, and strength represented. Such 
diagrams should be prepared for each unit of a radar 
system, using a standard procedure for taking and 
presenting the data. 

Permanent echo data should be taken under 
average conditions with the gain set at some stand- 
ard level. At intervals of azimuth such as 5 de grees, 
the ranges of the permanent echoes are recorded. 
These data are then plotted on a polar chart and the 
points are connected to indicate obscured areas. 
The skill and judgment of the operator are important 
factors. In most cases the amplitudes of the echoes 
are so far above that of ordinary target echoes that 
the actual amplitudes need not be noted. 

In Figure 8 is shown an observed permanent echo 
diagram for a VHF radar. This was selected for 
purposes of illustration rather than as an example 
of a good site. The mountains to the north are un- 
shielded and cause extensive echoes. The large echo 
at 200 degrees is due to a mountainous island 260 
miles away and appears only during times when 
propagation is nonstandard. 

Care must be exercised in identifying the cause of 
an echo. Antenna side lobes cause spurious echoes 
and distant echoes may come in on the second or 
third sweep on the scone after the main pulse. These 
latter echoes may be checked by changing the pulse 
repetition rate and observing the shift of the echo. 

Permanent echo diagrams are useful for: 

1. Indicating blind areas in a station’s coverage. 

. Assigning the operating area of a station. 
. Checking the range and azimuth accuracy. 
. Checking the performance. 

. Estimating nonstandard propagation 

. Planning test flights. 


am kW tw 


Shielding 


The principal device in the field for the control of 
permanent echoes is shielding. This means that the 
antenna must be sited in such a way that distant 
hills are screened by a local obstruction. This local 
echo at, say, three miles, is combined with the main 
pulse or ground return and the distant echo is 
weakened or eliminated entirely. 

Shielding causes a loss of coverage, which in 
operating regions may be more serious than the 
permanent echoes. Rear areas which are not scanned 
should be well shielded so that back and side echoes 
do not interfere with targets in important tactical 
regions. Operation over such shielded sectors would 
be limited to high targets. 
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Figure 8. A typical permanent echo diagram for a VHF radar 


Prediction of Permanent Echoes 


Permanent echoes may be determined by several 
methods: (1) tests with the radar at the site; (2) radar 
planning device [RPD]; (8) supersonic method; and 
(4) profile method. 

The feasibility of moving the radar to the site to 
determine the permanent echoes is dependent on the 
portability, accessibility, etc. Echoes obtained with 
one type of equipment may be very different from 
those of another type of radar with a different an- 
tenna directivity, frequency, and range. 

The RPD technique requires construction of a relief 
model of the terrain considered. A small light source 
is used to simulate the radar transmitter and the 
echoes are plotted as a result of a study of the areas 
illuminated. This method is useful for short ranges 
and microwaves where the diffraction and side and 
back lobe radiation are small. Construction of a 
fairly difficult relief model may take a crew of 
specially trained men several days to a week, as the 
model should be accurate. Once completed, all 
possible sites or aspects from a plane or ship may be 
‘readily examined. Photographic and darkroom fa- 
cilities are required and also kits containing a light 
source, supports, etc. 

The supersonic method uses a relief model under 
water. Supersonic gear is used to send out pulses 
which are reflected like radar pulses and an echo is 
picked up and presented on a plan’ position indi- 
cator [PPI] scope. Photos may be taken of the 
scope or it may be used directly to train operators 


and for briefing. Considerable equipment is re- 
quired, but the construction of the models is com- 
paratively simple. 

The profile method involves a study of topo- 
graphical maps and plotting of the echoes according 
to their visibility and the amount of diffraction. A 
fairly difficult site may be handled in perhaps eight. 
man-hours. This method is adapted to long-range, 
low-frequency radars where diffraction and side and 
back lobe radiation are important. On microwave 
equipment, prediction of permanent echoes is sim- 
pler and the profile method may be worked out in 
a few hours. 


Prediction by the Profile Method 


The discussion here refers chiefly to VHF (1to10m) 
radars in a mountai ious terrain, but the methods 
have general application. The principal requirements 
are topographic maps of the surrounding area with 
a scale of one or two miles to the inch and a contour 
interval of 20 feet, although intervals up to 100 feet 
may be used. Regional aeronautical maps with a 
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Fieure 9 Typical profile. 
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scale of about 1 inch to 16 miles and 1,000-ft 
contours are suitable for checking distant echoes. 
From the maps, profiles are prepared for various 
azimuths about the radar station. The first mile or so 
should be plotted accurately; at greater distances, 
the critical points, such as hills and breaks, should 
1eceive the most attention. On each profile is drawn 
the tangent line from the center of the antenna to 
the point on the profile which determines the shield- 
ing, as in Figure 9. The angular elevation a of this 
line of sight is marked on the diagram. If a is nega- 
tive, the profile should be checked out to the radar 
horizon to obtain the correct shielding angle. On a 
plane earth diagram, the line of sight is actually 
curved, but for distances up to 10 miles it may be 
taken as straight with small error. The height 
difference, with a in radians, is then equal to 
he — ky = dtana. (18) 


When the distance is larger so that earth curvature 
has to be taken into account, to the above expression 
for the height difference he — h; must then be added 
the amount by which the earth is sloping away over 
the distance d. This amount is d?/2ka, and the 
complete expression for hy — hi become: 

ta liv CTA sere (19) 

Wor easier handling of this equation, a set of 
curves may be drawn where hz — hy is plotted against 
d for various constant values of a. These curves 
may then be used to determine the height of the 
shielded region at any range. Thus all other moun- 
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tains along the profile in Figure 9 might be checked 
for visibility by comparing the height of the moun- 
tain with the value of h, — h; read from the curve 
a =0.5°. Any desired allowance for diffraction 
may be made by using a different curve such as 
a = 0. When the shield consists of several ridges 
close together, an equivalent shield should be used. 
This is derived by enclosing the ridges in a triangle, 
whose apex is taken as the shield (see Figure 6). 

The general procedure to be followed in preparing 
a prediction of permanent echoes will now be out- 
lined. From an examination of the map, the azi- 
muths at which profiles should be prepared are 
determined. This will normally be about every 
10 degrees. Where the shielding is obviously good, 
the interval may be 20 degrees, but where the terrain 
is questionable, such as in a region of low hills, the 
profiles should be taken at 5-degree intervals. 

An overlay of the region is then prepared, showing 
important. geographical features and a polar-grid 
system. On this chart is drawn the coverage contour 
lines (broken lines in Figure 10). These lines repre- 
sent the limits of the heights of the shielded regions. 
Targets or mountains below and beyond the cover- 
age contours will not be visible except by diffraction. 
These contours may be drawn for several heights. 
Where they are close together, the shielding is good 
but the coverage is poor. Where the lines are widely 
separated, as toward the sea, there is little or no 
shielding except that due to earth curvature. With 
the coverage contour diagram superimposed on a 
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Ficure 10. Theoretical permanent echo diagram 
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map, the peaks exposed to radiation may be noted. 

The extent of the echoes due to these peaks de- 
pends, besides the size of the peak, on the horizontal 
radiation pattern, the pulse width, and the power and 
sensitivity of the radar. It should be noted that the 
half-power beamwidth is only a rough measure of the 
width of an echo and some greater angle between 
the half-power points and the nulls will usually be 
obtained for the echoes. 

The extension of the echo in range will be at least 
as great as the pulse width in miles as represented 
on the scope. This is about 0.1 mile per micro- 
second of pulse width. Actual echoes are thicker 
than this, since all the exposed hill sends back echoes. 

After a careful inspection of the profiles, taking 
into account the various factors mentioned above, the 
echoes are sketched in on the chart. In doing this 
the following rules may be used as a guide. 

1. Shade in a circle for the main pulse several 
miles wide, depending on the pulse width and local 
return. 

2. Check each profile in turn and for each peak 
or hillside in front of the shielding ridge or mountain 
plot an echo for the main and all side lobes of the 
antenna. 

3. A series of sharp Hills within the shielding part 
of the terrain should be plotted as a single large echo. 

4. The inner edge of an echo should be at the same 
range as the hill. 

5. Peaks beyond the shield may be in the diffrac- 
tion region and the relative strength of the echo 
may be estimated from a diffraction curve. 

6. In general, the echo strength varies as the 
inverse square of the distance and is roughly pro- 
portional to the target area. 

7. Where there is any doubt, plot the echo. 

Experience is an essential factor in permanent 
echo prediction, regardless of the method used. The 
methods described here have been used successfully 
in many areas and are capable of accuracy adequate 
for most purposes. 


EFFECT GF TREES, JUNGLE, ETC. 
The Effect of Trees 


Trees form very effective obstacles for high-fre- 
quency radio waves. A single tree may cause a drop 
in signal strength of several decibels. The attenua- 
tion is less for horizontal polarization than for 
vertical polarization for frequencies below 300 to 500 
megacycles. For higher frequencies, the polarization 
is not an important factor. With the transmitting 
antenna sited in a moderately wooded area, repre- 
sentative values for the losses are given in Table 1. 
When both antennas are in the woods these losses 
should be doubled. Measurements at 200 me for 
transmission through a grove of trees 100 feet wide 
show losses of 21 db for vertical polarization and 
6 db for horizontal polarization. 


TaBLE 1. Decrease in gain for transmitting antenna 
situated in a moderately wooded area. 


Horizontal Vertical 

Frequency polarization polarization 
30 mc Negligible 2- 3 db 
100 me 1-2 db 5-10 db 


When the antennas are in clearings, so that each is 
more than 200 or 300 feet from the edge of the woods, 
the decrease in gain is small. With vertical polariza.- 
tion, there may be large and rapid variations of field 
intensity within a small area, due to reflections from 
near-by trees. 


The Effect of Jungles 


In jungles or heavy undergrowth, an exponential 
absorption is to be expected. Tests made of trans- 
mission through heavy jungles show that the limit of 
transmission for ordinary field sets is 1 mile. An 
increase of power of several hundred fold is needed 
for a range of 2 miles. The decreases in gain en- 
countered are of the order of 50 to 60 db per mile. 

If the antennas are elevated above the jungle or 
located in clearings, the effect of the jungle may be 
minimized. Antennas should be 10 or more feet 
away from trees to avoid a change in antenna 
impedance. 

The best solution is sky-wave transmission even 
for distances as short as 1 mile. Due consideration 
should be given to the selection of optimum fre- 
quencies based on ionosphere predictions. For 
distances up to 100 or 200 miles, a half-wave hori- 
zontal wire antenna should be used and the fre- 
quency range is about 2 to 8 mc. The decrease in 
gain for the short path up through the trees is 
negligible at these frequencies. ; 


Effect on Microwaves 


At 10 cm, the absorption is so great with most 
objects that the diffracted energy is the principal 
portion transmitted. Only windows, light wooden 
walls, or branches of leafless trees show less than 
10 db loss. Opaque objects include: 

1. ‘Rows of trees in leaf if more than two in depth. 

2. Screens of leafless trees if so dense that the 
skyline is invisible through them. 

3. Trunks of trees. 

4. Walls of masonry. 

5. Any but the lightest wooden buildings, espe- 
cially if there are partitions. 

Losses of a brick wall may be increased from 12 db 
to 46 db by wetting. In computing diffraction over 
treetops, the diffracting edge may be taken to be 
5 feet or so less in height. In a 1.25-cm test, the 
transmission loss through two medium-sized bare 
trees increased 18 db after leaves appeared. 


MASSACHUSETTS BAY 


MICROWAVE TRANSMISSION IN 1944 
GENERAL DESCRIPTION* 


HIS PAPER describes the general features of the 

work on atmospheric refraction undertaken during 
the summer and fall of 1944; other papers by members 
of this group will describe specific phases. The results 
described must be considered strictly tentative. They 
are the outcome of a hasty survey of a large amount 
of experimental data which ceased to accumulate 
only a short time before this report was prepared. 
Consequently, it has not been possible to do more 
than abstract the most obvious information. 

The principal objectives of the present program 
were: 

1. To study the modification of continental air by 
the ocean surface and from this study to improve the 
technique of forecasting modified index curves at low 
altitudes over water. The reason for the detailed 
meteorological study is that when beginning this work 
we believed that the existing ideas of the physical 
phenomena involved in producing Jow-level modifi- 
cation were not on a sufficiently sound basis to allow 
a direct analytical approach. 

2. To study experimentally one-way and radar trans- 
mission through the range of refraction conditions 
varying from substandard to trapping. Particular em- 
phasis was to be placed on wavelength dependence, 
and, when possible, information: was to be obtained on 
vertical coverage patterns under these various refrac- 
tion conditions. 


Radio Program 


The radio part of the project employed a combina- 
tion of one-way and radar apparatus operating over 
Massachusetts Bay. Two paths were chosen for one- 
way transmission; one was the 22-mile path? from 
Deer Island (Boston Harbor) to Eastern Point 
(Gloucester) and the second a 41-mile path farther 
from the shore line (Eastern Point, Gloucester, to 
Race Point, Cape Cod; see Figure 1). Over the 22- 
mile path, transmission was on S band, while on the 
41-mile path one-way transmission was on 117 me and 
on 8, X, and K bands. Radar sets on S and X bands 
were placed at the transmitter site for the latter path. 

On the short path the terminals were placed so as 
to give approximately grazing incidence, but on the 
long path the terminals were well below the horizon. 
At the transmitting terminal of the one-way circuit 
were two radar sets on X and S bands; from this 
location they could scan the New England coast line 
to measute signal strength from fixed targets. 

Note that the short path is close to the coast line, 
while the longer path is considerably farther away 
and is so located that approximately westerly winds 
undergo appreciable modification by the time they 
have reached the transmission path. 


Transmitters 


The transmitter for the short path was located at 
Deer Island about 120 ft above mean sea level and 
supplied approximately 1 w to a paraboloidal antenna 
30 in. in diameter. 

The transmitter site for the ofher transmission path 
and the trucks housing the two radar sets: were at 
Race Point (Provincetown). The radar sets operate 
on the S and X bands and are approximately 50 it 
above mean sea level. They both have antenna diam- 


“Figures and tables on pp. 493 to 511. 
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eters of 4 ft and a ratio of transmitted power to 
ininimum detectable power of approximately 167 db. 
These sets were operated from August Ist through 
October 20th. ‘Che measurements consisted of 
hourly determination of the strength of echo from 
four specially selected targets and of recording maxi- 
mum detection range on fixed targets over water look- 
ing up the coast line; in addition, plan position in- 
dicator [PPI] photographs were taken at hourly 
intervals. The performance of the radar sets was care- 
fully monitored by appropriate means for determina- 
tion of transmitted power and minimum detectable 
received power. All echo signal strengths were meas- 
ured in absolute values with a signal generator 
coupled to the system. The records of signal strength 
from the four selected targets and those of maximum 


detection range were plotted and returned to the 


laboratory on a weekly basis. 

The tower carrying the one-way transmitting equip- 
ment consisted of the bottom half of a 100-ft SCR-271 
tower. The house at the foot of the tower served as 
operations headquarters, while the top house con- 
tained the transmitters. The 117-me antenna was a 
five-elernent Yagi array projecting horizontally from 
the forward corner of the top of the house. The X- 
and S-band antennas were paraboloids 4 ft in diam- 
eter, made of close-spaced grid work designed to 
reduce wind resistance. The feed for each of these 
antennas was a dummy-dipole array excited from the 
open end of a wave guide projecting through the 
vertex of the paraboloid. The K-band antenna was a 
paraboloid 2 ft in diameter, illuminated by a small 
horn. Polarization was horizontal for practidally the 
entire period of the program. 

All the microwave antennas were provided with a 
scheme for rendering them independent of rain. A 
blast of air from inside the house was injected into 
the wave guide at the transmitter by means of a 
blower. This stream of air effectively prevented ac- 
cumulation of a film of water on the inside of the 
guide feed. 

The transmitter used on 117 me was one from an 
SCR-624 VHF (very high frequency) communica- 
tion set. Its frequency was quartz-crystal controlled, 
and it delivered approximately 10 w of c-w power 
into a balanced line connected to the Yagi antenna. 
‘The output power of the transmitter was monitored 
continuously on an Hsterline-Angus recording mil- 
liammeter. 

The S- and X-band transmitters employed pulsed 
magnetrons operating at a pulse recurrence frequency 
of 700 ¢ with a pulse length of 1.5 » sec and a peak 
power’ output of approximately 10 kw. The. output 
pulse from the modulator was continually checked by 
the synchroscopes, and a check was made of the trans- 
mitted radio frequency spectrum of the pulses by 
means of the spectrum analyzer. 

Both S- and X-band transmitters were provided 
with continuously recording monitors operating Hster- 
line-Angus recording milliammeters. Several types 
of monitor circuits were employed during the course 
of the program, but the one which proved most satis- 
factory employed a thermistor bridge coupled by 
means of wave selector, or directional coupler, to the 
wave guide between transmitter and antenna. Daily 
calibrations of the recording thermistor bridge cir- 
cuits were made, providing a constant check of power 
output in absolute values. In addition to recording 
of average power output by frequent checking of 
spectrum and high-voltage pulse, the cathode current 
of the magnetrons was also recorded. 

The K-band transmitting equipment differed from 
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the S- and X-band equipment only in matters of 
unessential detail. 


Receivers 


The receiving terminal of the one-way transmission 
circuit is located at Eastern Point, Gloucester; the 
receivers were mounted in a 100-ft tower similar to 
the one at Provincetown. There were two sets of re- 
ceivers, one approximately 136 ft above mean sea 
level in a house at the top of the tower and the other 
approximately 30 ft above in a house at the bottom 
of the tower. The receiving antennas are identical 
with those for the transmitters. 

The K-band receiver was a superheterodyne spe- 
cially constructed for this purpose and put into opera- 
tion late in the experiment. It had a bandwidth of 
14 me but no automatic frequency control [AFC], 
with the consequence that it required constant attend- 
ance to produce a satisfactory record. The receiver 
for the Deer Island circuit was a narrow-band c-w 
receiver of the type used in last year’s experiments 
and described in reference 1. i 

The X- and S-band receivers deserve mention be- 
cause of their special characteristics, which were de- 
veloped to meet the requirements of this work. They 
are provided with AFC circuits arranged to search 
for a lost signal automatically. Having found the 
signal, the circuit locks the receiver in tune and con- 
tinues recording. These receivers have specially de- 
signed automatic gain control circuits providing es- 
sentially logarithmic response of 70- to 80-db range 
well spread across the recorder scale. The minimum 
detectable power for these receivers is approximately 
110 db below 1 w for both S band and X band, and 
the minimum signal required for satisfactory opera- 
tion of the AFC is approximately 105 db below 1 w. 
The latter figures are important for this particular 
setup, since they determine the usefulness of the re- 
ceivers in studying signal strength near or below that 
encountered under standard refraction conditions. 

The receivers were calibrated daily by means of’ 
signal generators coupled permanently to the wave 
guide between the antenna and the receiver through 
wave selectors with known fixed coupling losses. Very 
close check on: performance was maintained so that 
the receivers at all times gave an accurate indication 
of the absolute value of received signal strength. 

The arrangement of S- and K-band receivers in 
the house on top of the tower was similar to that in 
the lower house, but the K-band receiver was of a less 
sensitive type requiring no tuning. There was a 117- 
me receiver in the top house but not in the bottom 
house, and there was no receiver for the Deer Island 
circuit in the top house. 

The outputs-of all eight receivers were wired direct- 
ly into an Esterline-Angus recording milliammeter. 
With this arrangement one operator was able to keep 
continuous watch on the performance of all receivers 
and was required to climb the tower only when major 
adjustments of the top receivers were necessary. 

The Gloucester station was the control station for 
the radio network formed by all the stations involved 
in the project. The transmitter station at Province- 
town, each of the radar trucks, the fixed meteoro- 
logical stations, the boat, and one of the airplanes 
were all equipped to operate radiotelephone on 3.5 me, 
thus allowing rapid and efficient exchange of informa- 
tion essential to the operation of all units involved in 
the program. 


Meterological Program 


The meteorological phase of our program con- 
sisted of two main parts: (1) meteorological meas- 
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urements, and (2) forecasting and analysis. 

All meteorological measurements were made with 
varying versions of the psychrograph, earlier models 
of which are completely described in reference 2. 
This instrument measures wet and dry bulb tempera- 
tures as a function of height, using the electrical re- 
sistanee thermometer principle. From these measure- 
ments the M curve is constructed. 

The meteorological soundings were made in the 
Massachusetts Bay area with psychrographs carried 
by two aircraft, by captive balloons operating from a 
boat and from two fixed land stations. The boat 
operated in the Bay and out to about 100 miles off- 
shore, while the aircraft operated as far as 170 miles 
offshore. It should be mentioned that aircraft sound- 
ings of this type are rather hazardous, since they in- 
volve descending to altitudes of approximately 20 fi 
at large distances from land. 

The fixed meteorological stations were located at 
Duxbury and Race Point. The Duxbury location was 
chosen to place the sounding station near enough to 
the shore to obtain a representative sample of the air 
just leaving the land. 

The Race Point meteorological station was located 
at a position to allow soundings at the water’s edge 
on the westernmost extremity of the top of Cape Cod. 
The primary purpose of this station was to measure 
the characteristics of the air after it had been sub- 
jected to the influence of the ocean surface between 
the mainland and the station. This location allowed 
measurements over a range of wind directions of ap- 
proximately 180°, but no relevant soundings could be 
made when the wind had an easterly component, since 
the air would have had a land trajectory for at least 
a short period. It was necessary to take all soundings 
very close to the water’s edge to prevent solar heating 
of the beach from influencing the bottom of the meas- 
ured M curve. At both Duxbury and Provincetown 
soundings were taken on a prearranged schedule 
which, when possible, involved both day and night 
operation. Soundings, surface wind velocities and 
hourly observations of sky conditions, etc., were made 
at both Duxbury and Race Point. The water tempera- 
ture was also measured at the Provincetown station. 

A 60-ft pole was erected at Race Point carrying 
four anemometers, four psychrographs, and a wind 
direction indicator. The original scheme involved con- 
tinuous recording of temperature, humidity, and wind 
speed at four levels by means of the instruments on 
the pole, but unfortunately a large sand bar formed 
in front of the pole soon after it was erected and 
caused sufficient disturbance of the air in the lowest 
levels that such measurements were not feasible. The 
psychrograph, anemometer, and wind direction in- 
dicator at the top of the pole continued to be useful, 
however, and provided the continuous information 
recorded by the station. 

A 50-ft boat, the Wanderer, was used for making 
measurements in Massachusetts Bay. The psychro- 
graph used for measurements from 2- to 48-ft eleva- 
tion is attached to a cable running between a boom 
extending outward from the side of the ship and an 
extension to the top of the mast. A similar psychro- 
graph was used for soundings to higher levels, operat- 
ing from the winch at the rear of the boat. Further 
essential meteorological information was provided by 
the boat in frequent measurements of surface water 
temperatures in Massachusetts Bay. A direction-find- 
ing loop was used to determine position at great dis- 
tances off shore 


RADIO AND RADAR TRANSMISSION 
MEASUREMENTS? 


The purpose of this paper is to describe the results 
of a rough preliminary analysis of the transmission 
experiment. A thorough analysis must await the com- 
pletion of the meteorological study, since the trans- 
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mission depends directly upon the meteorological 
conditions over the path of the radiation. The em- 
phasis here will therefore be mainly on the strictly 
radio data with only qualitative reference to the 
meteorological information. 


One-Way Transmission 


The values of the transmitted powers, antenna 
gains, and receiver characteristics were chosen so as 
to make the standard signal level, as computed for the 
receivers at the top of the tower, well above the mini- 
mum detectable level and the minimum level at 
which the automatic frequency control [AFC] and 
AFC search are effective. Sufficient compression was 
used to give a range of about 60 db for useful recep- 
tion, which had been expected to be enough for the 
variations due to atmospheric conditions. It turned 
out, however, that additional range was needed, es- 
pecially in the direction of greater signal strengths; 
to accommodate additional received power, attenua- 
tors were inserted in the lines. Thus the actual range 
of values observed is at least 90 db at the microwave 
frequencies and 40 db at 117 me. 


Siena Tyres 


Figure 2 shows that the types of signal observed 
at the microwave frequencies (S and X) are not 
essentially different from those observed in previous 
tests on a shorter path. The first type is high signal 
on the average, well above the standard level, with 
roller fades which may go down to the minimum de- 
tectable level and with periods of 2 minutes to an 
hour or so. These periods are generally shorter at 
any time on X than on S band. When this type of 
signal is present on S band it is almost invariably 
present on X band also and on both paths. It always 
occurs simultaneously on the high and low receivers 
at any frequency. 

The second type is high and steady. Its level may 
be anywhere from 5 to about 30 db above the stand- 
ard, generally higher on X band than on S band. 
Most of the time this type of signal occurred simul- 
taneously on S and X, but there were some occasions 
when the S-band signal was of the high and steady 
type while the X-band signal became of the first 
type, high with roller fades. 

The third kind of signal is about standard and 
fairly steady. (This may be a limiting case of the 
high and steady variety.) It does not necessarily 
occur on both frequencies and on both high and low 
receivers at the same time. 

The fourth type is standard on the average, with 
scintillation of more than 10 db. The preliminary 
analysis has not revealed the reasons, or any correla- 
tions, for the difference between this and the preced- 
ing type; it is certainly nothing obvious, such as wind 
speed, for example; and it may occur on either fre- 
quency when the other is steady. 

The fifth type is the “blackout,” below standard 
and variable. This signal type is strongly scintillat- 
ing. It occurs simultaneously on both frequencies, 
both paths, and on high and low receivers (except 
possibly for low X. where the difficulty mentioned 
above of determining an average value of something 
very low on the scale is important). 

Figure 3 shows the signal types observed at 256 
em. These are distinct from those observed at the 
microwave frequencies not only in appearance but 
also in times of occurrence. In general no relation has 
been found to exist between the types at the two 
frequencies although on rare occasions such a relation 
is indicated ; indeed the type may remain constant on 
one and change on either of the others. Steady signal 
is most frequent at 256 cm, but the other types shown 
also occur fairly often. Variations of 30 to 40 db 
overall take place, and the vartatienssmay be fast or 
slow. 

STaTIsTics 

A fairly detailed statistical stuuy has been made of 

the S and X signals at the top level. These were 


chosen because they were available for the longest 
periods, and because they gave the most reliable re- 
sults (because of the receiver characteristics the re- 
lation of the standard to the minimum detectable 
level was most suitable). The other microwave records 
gave similar results. As for the 256-cm transmission, 
the most important result was that the signal level 
was above the minimum detectable very nearly 100 
per cent of ‘the time, although fades to this level were 
fairly frequent. If a choice had to be made of the 
most reliable frequency for transmission over the 
circuit, there would be no question in the choice of the 
longer wavelength. 

The statistics available on K band are very similar 
to those on X band as far as can be determined. 
Signal levels less than about 20: db above standard 
cannot be detected on the K band. 

The study was made of the average signal level on 
a weekly basis; it showed marked differences from 
week to week, depending upon the specific weather 
situation. For purposes of the statistics a range of 
values around the standard was included in the 
standard signal (allowance for scintillation, tides, 
ete.). This range was taken as +5 db on S band and 
+10 db on X band, values determined by inspection 
of the entire record and thought to give comparable 
results. 

The most interesting result of this analysis was 
the discovery that standard signal occurs extremely 
rarely over this path. High signal is most frequent; 
depending upon the wavelength and the season of the 
year, substandard and standard signal occur less fre- 
quently. In the summer no significant frequency de- 
pendence was observed in the statistics. Some typical 
weeks gave the figures shown in Table 1. 

As the season progressed to the fall, however, sev- 
eral related trends became apparent: (a) the increas- 
ing incidence of standard signal, especially on S 
band; (b) the increasing incidence of high, steady 
signal, especially on X band, with the level higher 
above the standard on X than on 8; (ce) the fre- 
quency effect on the incidence of above-standard 
signal indicated in (b); and (d) the decreasing oc- 
currence of substandard signal. These trends are illus- 
trated in Table 2. 

No diurnal effect was found in the signal except 
under some very special circumstances. Not only was 
no such trend apparent upon visual inspection, but 
also an analysis of the material by 6-hour intervals 
confirmed appearances. 


CorRELATIONS 

In addition to the statistical study, another type 
of analysis has been made to look for correlations 
between the variations of signal strength with fre- 
quency at a given location or with height at a given 
frequency. Figures 4 to 6 show some typical graphs 
of such correlations, each point representing average 
hourly values, for 1 week. Figure 4 shows the varia- 
tion of the high S- and X-band signal strengths. Ii 
is clear that in most cases the two wavelengths change 
together. This was the predominant behavior through- 
out, the summer. The notable exceptions are those 
points where X is high and S nearly standard; this 
is the frequency effect remarked in the discussion 
of the high and steady signal which became common 
in the fall. As will "be seen later, this occurs with 
very low modified index inversions, less than 20 ft 
high. 

Figure 5 shows the relation between S-band signal 
strengths for high and low receivers; the correlation 
is excellent in practically every case. A similar cor- 


‘relation exists for the high and low X-band signal, 


except tor the case of very low signal where the ap- 
parent average value of the signal strength on the 
low receiver is always relatively high. Whether this 
is caused by the lack of receiver sensitivity or is a 
real transmission phenomenon cannot be conclusively 
decided on the basis of the present information. 
Figure 6 shows the relation of signal strengths at 
117 me and § band; the difference between this figure 


and the preceding two speaks for itself. From the pre- 
liminary analysis no consistent correlation has been 
found between the behavior of the low- and high- 
frequency transmission. 

The variations on the two paths are generally in 
good agreement although changes in signal type rare- 
ly occurred exactly simultaneously; the changes on 
the short path are always less in magnitude than on 
the other, as would be expected. 

As far as can be determined from the available 
data the K-band signal correlates quite well in gen- 
eral with that on S and X bands. Only high signal 
can be observed, of course, with the present equip- 
ment. 


Retation or Rapro Resutts ro Moprrrep 
Inpex Curves 


Detailed conclusions must await the full analysis 
of the data. At present certain qualitative conclu- 
sions can be drawn: 

1, When the surface modified index inversions are 
present, the microwave signal level is high on the 
average, and usually the signal has roller-type fades. 
_ 2. When the M curve is substandard the signal is 
low and scintillating. The M curves which are stand- 
ard all the way down to the surface of the water 
appear to be very rare, even when the air is colder 
than the water. The previous results on the short 
path had tended to discount the importance of the 
low M inversions which exist over water most of the 
time, especially with cold air flowing out from the 
land. The increased sensitivity of the present setup 
to variations in the M curve, the additional path 
length, and finally the inclusion of the X-band trans- 
mission on the circuit have shown definitely that such 
low M inversions are far from negligible but will 
affect S-band communications (or one-way trans- 
mission) and both one-way and radar:transmission on 
X band. The signal occurring with these M inver- 
sions less than 20 ft high is usually the high, steady 
type. It is generally not quite so high in average level 
as that characterized by roller fades found with larger 
M inversions. 

3. The high, steady signal occurring with very 
low M inversions reveals the only clear-cut cases of 
frequency diversity between S and X bands. In this 
case a variety of combinations has been found: nearly 
standard signal on S band with X-band signal from 
10 to 30 db above standard; S band 1@ to 15 db above 
standard with X band 30: or so db above standard; 
and finally S band about 20 or more db above stand- 
ard and steady while X band changes to the first sig- 
nal type: high with fades. 

4. One of the most interesting features of the trans- 
mission is the fact that at any given location, for a 
fixed frequency, the increase in field strength is lim- 
ited; that is, no matter how much the M inversion 
increases in height or in strength beyond a certain 
value (which is as yet unspecified) the average value 
of the signal strength does not continue to increase 
but rather remains the same within about 10 db. This 
“saturation” level is of the order of the free space 
value. (Maximum level goes up. to 12 to 15 db above 
free space but only infrequently.) Consequently, the 
level reached on a given path appears to be indepen- 
dent of the receiver height (within the height range 
covered in these measurements), the height-gain effect 
which exists under standard conditions being essen- 
‘tially eliminated when shore trapping takes place. 
Under some conditions, especially when the signal is 
high with fading but has not yet reached the satura- 
tion level, the lower of the two receivers has been ob- 
served to receive higher signal than the higher one. 

' With stronger signal the values on the two become 
nearly identical, as has been stated. 

These results agree with unpublished calculations 
made for several values of duct height and M deficit 
for S band, of the first transmission mode alone, 
which indicate that the height-gain effect should dis- 
appear and the signal approach a certain saturation 
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level. Thereafter, calculations show, the contribution 
of the first mode decreases, but the observations sug- 
gest that perhaps the other modes continue to cause 
the average level to reach approximately the same 
value, as duct height and M deficit continue to in- 
crease, 

Tt has been found that, with an M inversion over 
only a portion of the path and a standard curve on at 
least a small part of it, the signal type may be high 
with roller fades and the average level high, so that 
tle record is indistinguishable from that which oc- 
curs with more uniform conditions 


Radar Transmission 


From Race Point, targets were available over water 
at ranges of 20 to several hundred miles along the 
coast of Massachusetts and Maine, plus some addi- 
tional targets inland and whatever shipping was in 
the vicinity. Of the coastal targets four were chosen 
for regular .observation. These were fairly isolated 
fixed targets, the echoes from which appeared to be 
telatively steady in several days’ observations, at 
ranges of 22, 41, 65, and 73 statute miles. Absolute 
power measurements of the returns of each of these 
targets (whenever visible) were made hourly by com- 
parison with a signal generator. Hach measurement 
represents the maximum value of the signal during 
a period of 1 to 3 minutes. This differs rather essen- 
tially from the hourly averages of the one-way data. 

In addition to signal strength measurements, hour- 
ly observations were also made of the maximum ranges 
obtained on surface targets, and plan position indt- 
cator [PPI] photographs were made which reveal 
at a glance many interesting features of the radar 
coverage which are hard to describe briefly in words. 
The maximum sweep length available on the PPI 
was 140 miles for the S-band set and 115 miles at X 
band. Additional range was available on the delayed 
A-scope sweeps, so that the maximum was 180 miles 
for most of the period of observations. This was ex- 
tended to 280 miles for the last week of the test. 

In addition a portable K-band radar set was set up 
near Race Point Light only 1% ft above mean sea 
leyel and regular observations of range were made and 
shipping tracked. 


TarGET SiaNaL STRENGTHA 


The strength of the echoes from the four targets, 
including the nearest one which is ordinarily visible 
both optically and by radar, varied from below mini- 
mum detectable to at least 60 db above for the two 
nearer targets and about 35 db above for the two 
more distant targets, at both frequencies. In general 
the values of the signal strength were higher for the 
nearer targets. but there were some interesting cases 
when the more distant targets were visible while the 
nearer ones were either not seen or were very weak. 
This may occur at times when the M curve varies 
markedly with direction, as happens occasionally when 
the air trajectory is S or SW or at times of skip dis- 
tance. 


Maximum Rances 


Large variations in the maximum ranges have also 
been observed at both frequencies, with the upper 
limit apparently being set only by the length of the 
sweep: 280 miles on S band and 200 miles on X band. 
(Note that these radar sets were far from the high- 
power class.) Lack of fixed targets at ranges between 
10 and 25 miles made it impossible to follow in detail 
the way in which substandard conditions reduced de- 
tection range, but there was no question as to the 


general trend toward reduction of range. The maxi- 
mum range of the high sited K-band receiver [HRK] 


from its location at the Race Point Light was 46 miles 
on a land target and about 30 miles on shipping. 

It should be borne in mind that our project deals 
with propagation near and roughly parallel to the 
coast line. Thus these results are not necessarily ap- 
plicable to operations perpendicular to the coast with 
off-shore winds, where the surface M inversions be- 
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come “washed out.” 
Sratistics 


The radar observations include about 1,200 hours 
of operation, Of these, overall, the X-band ranges were 
better than “normal” 59 per cent of the time (normal 
= 29 miles*) and the S-band ranges 48 per cent of 
the time. At both frequencies ranges were below nor- 
mal 20 per cent of the time. The variations from weck 
to week were great, the maximum values being 95 per 
cent above normal on X and 75 per cent above normal 
on §, with about 45 per cent below normal as the 
lowest value at both frequencies, 


CorrELATIONS WITH ONE-Way Resutts 


A visual comparison of the radar and one-way data 
suggests fairly good agreement in general between 
the two. To get a more quantitative evaluation of this 
agreement. however, correlation diagrams have been 
drawn. 

Figure 7 shows such a diagram relating the signal 
strength of the target at Eastern Point as observed 
on the X-band system with the signal strength of the 
high X-band receiver on the one-way path. As in the 
previous diagrams, a week has been chosen as the time 
interval and hourly values are plotted. In this we 
neglect the difference between the single observation 
of the radar and the average of an hour’s continuous 
record in the other case. Note also that all radar 
measurements which give values equal to or below 
the minimum detectable level are plotted at the min- 
imum detectable level; thus if a more sensitive re- 
ceiver had beer used, many of these points would have 
fallen lower in the diagram. The diagram reveals the 
nature of the relation: the one-way signal strength 
must rise considerably above the standard value before 
the target becomes visible. Thereafter, small changes 
in the one-way signal correspond to much larger 
changes in the radar echo. As a matter of interest, 
which may or may not be significant, the values at 
times fall close to the square law, as they should if the 
target-reflecting properties remain constant as the 

tmospheric conditions change. 

Figure 8 shows the relation between maximum radar 
Tanges on surface targets and the one-way transmis- 
sion results, In this case the effects of both substandard 
and better than standard conditions are noticeable. 
When the one-way signal strength is below standard, 
the radar ranges are mainly less than normal; excep- 
tions occur in cases of strong directional effects and 
S-shaped M curves. As the one-way signal strength 
rises above the standard level no appreciable increase 
in radar range occurs at first. Only when the one-way 
signal strength has become fairly high do the radar 
Tanges begin to increase. Then the entire gamut of 
long radar ranges, from about 40 to 280 miles, takes 
place while the one-way signal strength changes only 
slightly. This is another manifestation of the satura- 
tion of the signal at a high value. 


Summary 


Two major conclusions may be drawn from this 
preliminary survey: 

1. Standard signal is the exception rather than the 
tule for microwave radiation on this over-water path 
during the summer and fall. With the high M inver- 
sions, Which occur with warm, dry air over water, 
signal strengths 30 to 45 db above the standard occur 
about equally often on both, the upper limit being 
approximately the free space value, and radar ranges 
on surface targets are extended to five to ten times 
their normal values. On the other hand, with the low 
M inversions (less than 20 ft, say) which occur with ~ 
air colder than the water, X band is affected more than 
S. Both may experience increases in signal level of 10 
to 30 db above the standard, but the X-band signal 

*Unfortunately, in the radar case it is impossible to estab- 
lish a precise definition of a ‘‘standard” range analogous to 
standard signal in one-way transmission unless detailed in- 
formation is available on the radar target. In this case we 
have attempted to determine the detection range on the low 


hills available as coast line targets, at times when the M 
curve is standard or very nearly so. 
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is high more often than the S and at any given time 
usually reaches a higher level. Radar ranges on sur- 
face targets are extended by as much as 20 to 25 per 
cent above normal, and again X band experiences 
more effect. These increases in signal strength can 
be of great importance for communications, beacons, 
or any other application involving one-way transmis- 
sion of microwaves, such as countermeasure. It should 
also be remembered whenever secrecy is required. 

2. Substandard conditions may be present for sev- 
eral days at a time if the air is warm and moist. The 
reduction in signal strengths and radar ranges on 
surface targets which accompanies substandard con- 
ditions does not seem to be markedly frequency sensi- 
tive. It should be stressed that variations in one-way 
signal strength of at least 90 db have been observed. 
The radar ranges have also varied from roughly 10 or 
15 miles up to at least 280 miles. These changes are 
not rare oecurrences; deviations from the- standard 
account for the major percentage of the time, especial- 
ly during warm weather, and at the higher frequencies 
even during the fall. 


TRANSMISSION CHARACTERISTICS 
OF AN OVER-WATER PATH? 


Results were previously reported of some prelim- 
inary analyses of one-way radio transmission on a 41- 
mile over-water path from Provincetown to Gloucester, 
with terminals well below the horizon. S- and X-band 
radiations were transmitted over the double paths in- 
dicated in Figure 9 to both “high” and “low” receivers, 
and 11%-me radiation over only the high path. Numer- 
ous meteorological surface measurements and low-level 
soundings were made, and essentially through compar- 
isons with these measurements the following correla- 
tions for microwave transmission and surface Mf curves 
were obtained. 

With positive M deficits, or M inversions, two cases 
were found. 

1. Low ducts, less than 50 ft thick, resulted in a very 
steady signal at levels well above standard. The in- 
crease in signal level took place although the terminals 
were as much as 100 ft above the top of the M inver- 
sion. Such low ducts caused greater increases in the 
signal level on X band than on S band. 

2. High ducts, 100 ft thick or more, resulted in very 
high signal levels on the average, but with deep fad- 
ing. The signal level did not continue to increase witt 
increasing duct height but instead “saturated” near 
the free space level. No frequency diversity between 
S and X bands was found in this case. 

With negative M deficits, or substandard M curves, 
the signal was always below standard. 

In November 1944 no correlations with M curves 
had been obtained for the 11%-me signal, and a clear 
lack of correlation with the microwaves had been 
noted. 

A detailed analysis has since been undertaken 
which is as yet far from complete. This paper describes 
the method in use and presents some additional results. 

In studying the fundamental phenomena of propa- 
gation the method employed was to tie the complete 
representative M curve to the observed transmission 
results by means of the wave theory. A threefold at- 
tack was used: 

1. The meteorologists studied each situation in de- 
tail to determine a representative M curve and its 
changes with position and time. 

2. Theoretical field strengths were found by put- 
ting the representative M curve, or a close approxi- 
mation to it, back into the wave equation. These theo- 
retical yalues were then compared with the observa- 
tions. 

3. Empirical correlations were then made between 
the M curves and the transmission results. This was 
done because the theory is applicable only to the sim- 
plest M curves and to uniform conditions. 


4By P. J. Rubenstein and W. T. Fishback, Radiation Lab 
oratory, MIT. 
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This approach was employed in an effort to find 
parameters in terms of which predictions of range o 
field strength can he made for operational use. It is 
not considered a suitable method in itself for use in 
the field. 

The meteorological part of the program has not in 
general received sufficient attention. Spot measure- 
ments at a given time and place do not necessarily 
give an adequate description of prevailing conditions. 
A thorough meteorological analysis of the entire period 
of transmission is therefore under way. For each case 
the synoptic situation is studied to find the trajectory 
of the air over the path at the time in question. Radio- 
sondes, surface measurements, winds aloft, measured 
water temperatures, and all available low-level sound- 
ings are studied and the characteristics of the air over 
the water determined. Then representative low-level 
soundings are constructed. Such so-called synthetic 
soundings for the path midpoint are being drawn for 
6-hour intervals for each day of operation. In addition, 
estimates are made of the departures from uniformity 
over the path and of the times of occurrence of marked 
changes. 

All the radio analysis has been based upon these 
synthetic soundings and the accompanying discussion. 
The meteorological analysis is at first made completely 
independent of the radio data, with minor revisions 
when necessary after consideration of the transmis- 
sion data. It is believed that full use of transmission 
data can be made only through such close cooperation 
of the persons engaged in both the meteorological and 
the radio work, not only in the measurements but also 
in the analysis. 

Perhaps the most striking information which has 
so far resulted from the detailed analysis is the em- 
pirical correlation of the 117-me performance with 
M curves. Increases in signal level above the standard 
are found to result from either large surface ducts 
(200 ft or more thick) or elevated superstandard 
layers which do not necessarily show overhanging M 
curves. Such layers occur frequently over Massachu- 
setts Bay, mainly as a result of nocturnal cooling over 
land. Those which affect the 117-me transmission 
oceur below about 1,500 ft. Their strength is usually 
doubtful in view of the lack of accurate information 
on conditions over land in radiation inversions. 

Figure 10 shows the correlation diagrams obtained 
when, first, all points are included, and second, all 
cases of elevated superstandard M layers are omitted. 
(Standard values are —120 db for 117 me and —80 
db for S band.) The first diagram obviously shows no 
correlation and is the sort of diagram obtained last 
fall. The second, however, is just what should be ex- 
pected for the correlation with surface phenomena. 
The S-band signal rises to the free space value as the 
duct height goes up to about 100 ft and then “satu- 
rates” for higher ducts. The 117-me signal, however, 
is affected only by ducts considerably more than 100 
ft high. Similarly, only a thin substandard layer is 
required to affect the S-band signal, but not until the 
layer is rather thick is the low frequency affected by it. 

In the period so far studied (960 hours total) the 
signal level was above standard 49 per cent of the 
time, standard 38 per cent of the time, and substand- 
ard 13 per cent of the time, Of the superstandard 
period 46 per cent has been correlated with elevated 
superstandard M layers, 36 per cent with thick sur- 
face ducts, and 4 per cent with situations in which 
elevated layers and thick surface ducts coexisted. Only 
14 per cent of the time remains in doubt, and this in- 
cludes many periods of exceedingly complex meteoro- 
logical situations for which the analysis was incon- 
clusive. In addition to correlation of field strengths 
with M curves, comparisons have been made between 
measured and theoretical values of field strengths. The 
theoretical values were calculated on the assumption of 
bilinear modified index curves, that is, curves made 
up of two straight-line segments. The M curve is taken 
to be standard above the joint, and two parameters are 
used: the height of the joint, or duct thickness, g, and 


the ratio s of the slope. The straight lines are drawn 
not in terms of M deficits but to give the best possible 
fit to the actual M curve. For the range of values of 
these parameters for which the contribution of the first 
mode only is of importance the curves of field strength 
shown in the following two figures are representative. 

Figure 11 shows the effect of changing duct height. 
0 to 500 ft, on the 117-me field strength for various 
values of the slope of the lower segment. The field 
strength is measured relative to free space value and 
—33 db is standard. (s = —3 corresponds to a value 
of dM /dh about —100/100 ft; s = —2 is —30 per 106 
ft, ete.) Note that for the bilinear model, unless the 
slope of the bottom portion be extreme, the duct height 
must be of order 200 ft or higher before there is any 
appreciable effect at this frequency. 

Figure 12 is a similar theoretical diagram for the 
high S-band path. The scale in this case is 0 to 100 ft. 
At X band the corresponding changes occur over a 
height range of only about 30 ft. For the low paths 
at any given frequency the curves are similar, but the 
increases in field strength occur more rapidly, so that 
the free space value is reached at essentially the same 
duct height for both high and low paths. 

In a few special cases for S and X bands contribu- 
tions of a number of modes (as many as 18 in one case) 
have been added in phase. In no case did the calculated 
field strength reach a value more than 15 db above the 
free space value, and in most cases it was between 
—5 and +10 db. 

The calculations check well with observations in a 
qualitative way in spite of the fact that the bilinear 
curve is not in general a good approximation to the 
true M curve and that the assumption of a uniform M 
curve along the entire transmission path is an ex- 
treme idealization. They show the order of magnitude 
of duct heights at which appreciable increases in field 
strength first occur at a given frequency. They demon- 
strate also the important fact that the field strength 
is increased even at considerable heights above the 
duct. This is so because with a leaky mode the height- 
gain function does not decrease with height above the _ 
duct but instead becomes practically constant over an 
appreciable range. This is illustrated in Figure 13, 
where the normalized height-gain function for a leaky 
case is compared with the standard. The decrease in! 
absolute value of the height gain is compensated by 
the reduction in-the attenuation. It is thus clearly 
not necessary to put a transmitter inside the low duct 
in order to take advantage of it; nor does the first 
mode need to be actually trapped as indicated by ray 
tracing, but merely less attenuated than the standard 

As to character of the signal, the theory suggests 
that steady signal is obtained with low ducts because 
only a single mode is important. With large ducts fad- 
ing may be eaused by interference among many modes 
which change rapidly in amplitude and phase with 
small changes in refraction. Even with very large 
ducts, for terminals well above the duct, steady signal 
might again be expected because the field strength 
there would probably again result from a single leaky 
mode, in this case not the first mode. 


Finally, the calculations agree with observations in 
showing that even when many modes are strongly 
trapped, the field strength at a fixed point does not 
reach the high value one might expect on the basis of 
an attenuation proportional to 1/R but rather remains 
near the ordinary free space value. This results from 
the fact that coincident with the reduction in attenua- 
tion which occurs with trapping, there is also an ap- 
preciable reduction in the height-gain function within 
the duct, as shown in Figure 14. The balance of the 
two countereffects prevents extreme increases in field 
strengths at all ranges of practical interest for micro- 
waves. 

To sum up, the 117-me transmission is noticeably 
affected both by thick surface ducts or substandard 
layers and by elevated superstandard layers up to 1,500 
ft altitude, which need. not necessarily overhang. The 
wave theory for elevated layers is not yet sufficiently 


advanced to permit drawing definite conclusions, As 
for surface phenomena, an excellent qualitative agree- 
ment has been obtained between theoretical and ob- 
served results. There has been no indication of a need 
to revise the formula used for computing the modified 
index of refraction. 

Following presentation of this paper the following 
data were presented on a similar experiment* made on 
an over-water path between San Pedro and San Diego, 
California. Transmitting and receiving antennas were 
at 100-ft elevation, with continuous wave transmission 
conducted from the San Pedro end of the link simul- 
taneously on 52, 100, and 550 me. The typical non- 
standard condition in this area is produced by dry air 
aloft subsiding over moist air near the sea surface. 
This gives rise to a sharp discontinuity in the index 
of refraction distribution with altitude at some eleva- 
tion above the earth. 

In analyzing the data from this experiment, the 
index of refraction modified for 4a/3, instead of the 
modified index M, was used. The new modified refrac- 
tive index, B, thus obtained is shown in Figure 15. 
The pertinent factors for reflection considerations are 
as follows: h, the height of the layer above the earth; 
AB, the total change in index through the layer; and 
D, the thickness of the layer. For moderately high 
layers, D is much less than h. 

Maximum field strength measured during the hour 
in which a meteorological sounding was taken is 
plotted against height of the layer above the ocean. 
The data are segregated into groups for different 
ranges of change in index of refraction through the 
layer. Figure 16 shows the data for changes in AB 
between 30 and 40 by means of crosses; for AB of 40 
to 50 with dots; and for AB of 50 to 60 with circles. 

Tf reflections are assumed to take place midway 
between the transmitters and receivers, the field 
strength may vary roughly as shown in Figure 16. 
The height-gain function holds the lower frequency 
fields down when the layer is low, whereas the added 
advantage in the reflection coefficient produces rela- 
tively stronger fields for the lower frequencies when 
the layer is high. A complete report will be made soon 
yon the experimental data and its relationship with 
this consideration. 

It was further pointed out.that maximum observed 
field strength need not always coincide with complete 
trapping. The experimental evidence that for a given 
frequency the signal strength over a low fixed path 
first increases as the height of the base of the M in- 
version increases and then decreases does not neces- 
sarily contradict the wave guide theory. When the base 
is low, transmission is by means of well-excited modes 
with low attenuation. As the base height increases, the 
attenuation of some of the modes decreases and the 
‘field strength therefore increases. Further increase 
in base height results in well-locked modes which are 
more and more difficult to excite. It is then that the 
most effective mode is one which leaks sufficiently to 
be excited by a transmitter outside the duct and yet 
does not leak sufficiently to be strongly attenuated 
before reaching the receiver. As the height continues 
to increase, modes which can be excited are all strongly 
attenuated, and the ones which are only slightly at- 
tenuated cannot be excited. Thus signal strength ul- 
timately decreases with increasing height. 


NEAR SAN DIEGO 


ONE-WAY TRANSMISSION EXPERI- 
MENTS OVER THE SEA BETWEEN 
LOS ANGELES AND SAN DIEGO? 


NE-WAY TRANSMISSION tests have been made by 
two methods: over a fixed path and by means of 

an airplane to sample vertical distribution of field 
strength. The fixed path is a nonoptical over-water 


*By L. G. Trolese, U. S. Navy Radio and Sound Labo- 
ratory, San Diego, California. 
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path, 80 nautical miles in length 1rom San Diego to 
San Pedro near Los Angeles Harbor. No intervening 


landscape is present at either end of the path. The c-w 
transmitters are located at the San Pedro end of the 
path at 100-ft elevation and operate on frequencies 
of 52, 100, 547, and 3,200 me. The latter frequency 
has just recently been added, and insufficient data 
have been obtained to include in this report. The trans- 
mitters are quite conventional, the 62 me being crystal 
controlled and the other two being self-excited units 
in which adequate frequency stability has been ob- 
tained by use of high-@Q circuits. Monitors, which are 
read periodically, are provided on each transmitter. 
The receiver location, at 100-ft elevation, is located 
on Point Loma, San Diego, near the laboratory. The 
receivers are of standard construction incorporating 
a balanced d-c amplifier md Esterline-Angus recorder 
in the output circuit. Filament and plate voltages are 
regulated. Detuning effects due to temperature changes 
are minimized by temperature regulation in the re- 
ceiver house. Receivers are calibrated at least once 
each week. 

Four receivers have been installed in a PBY-5A 
plane which is used to sample vertical sections of field 
strength distribution at various distances up to 130 
miles from the transmitters at 100-ft elevation. The 
frequencies used are 63, 170, 524, and 3,250 me. 
Certain precautions were found necessary to insure 
correct orientation of transmitting antennas on the 
ground and receiving antennas on the plane. Receiving 
antennas on the plane are fixed in position, and meas- 
urements are taken only with the plane flying toward 
the transmitters. The plane’s orientation is controlled, 
and the distance from transmitters determined, by 
utilizing the plane’s Type ASE (Admiralty Signal Es- 
tablishment) radar to home on a beacon located near 
the transmitters. All four transmitters and transmit- 
ting antennas are installed on a single rotating mount. 
A direction finder system also installed on the rotat- 
ing assembly and operating on the plane’s radar fre- 
quency is used to check the plane’s bearing during 
flight and keep the transmitting antennas pointed at 
the plane. Bearing checks have been consistently ob- 
tained at ranges up to 130 miles. The d-f bearings 
agree quite well with those obtained by use of a type 
FC fire control radar. 


One-Way Fixed Link Data 
Ray THEORY — GEOMETRIC Oprics 


On the basis of ray theory, when it is assumed im- 
plicitly that the energy follows the rays, the modified 
index criterion for trapping should be expected to 
agree with experience. Ray tracing theory states that 
when the modified index at some elevation above a 
transmitter attains a value equal to or less than its 
value at the transmitter height trapping can occur. 

As a preliminary check on this criterion the maxi- 
num field strength observed during the hour in which 
the meteorological sounding was taken is plotted 
against AM in Figure 1. When the minimum value 
of M in the refracting stratum is less than its value 
at the transmitter elevation, AM is negative, and the 
trapping condition is fulfilled. The 52-, 100-, and 547- 
me links all show strong fields for large positive AM. 
These data are not compatible with the assumption 
that the energy follows the rays. The diffracted field is 
below detection for all the frequencies used on the 80- 
mile over-water link. This has been confirmed experi- 
mentally. On Novemher 5, 1944 a front passed accom- 
panied by heavy rain which dissipated all low-level 
inversions, and a standard condition resulted. During 
this period all the signals decreased below detection. 

Figure 2 shows the above field strength data plotted 
against the height of the base of the temperature in- 
version. (The curves appearing in this figure will be 
explained later.) Although both the thickness of the 
inversion layer and the strength of the inversion vary 
considerably, the correlation of signal strength with 
the height of the hase of the inversion is quite remark- 
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able. The 547-me signal decreases below detection as 
the layer heights increase above 3,000 ft; whereas the 
100- and 52-me signals are still relatively strong when 
the inversion base is above this altitude. These lower 
frequencies do show a decreasing trend as the layer 
continues to rise, going completely out, as stated above, 
when the low-level inversion is washed out. 

Figure 3 shows a condensed log of the field strength 
data taken on the one-way link. Maximum and mini- 
mum field strengths during successive 2-hour intervals 
are plotted, thus showing the general level and fading 
range for each frequency during a 6-week period. The 
corresponding elevation of the base of the tempera- 
ture inversion is shown by the discrete points in the 
upper part of Figure 3. It is at once apparent that the 
signal level is higher for all frequencies when the layer 
is low and also that tlie fading range is smaller under 
these conditions. For a given elevation of the layer the 
fading range is greater for the higher frequencies. 

Figure 4 shows the character of the signal received 
on the one-way link when the inversion was low and 
trapping was definitely indicated by the modified in- 
dex curve. Figure 5 shows the signals under the con- 
dition of a high inversion. The time scale is shown 
along the horizontal at the top of 547-me tape and at 
the bottom of the 52-me record. For the condition of 
a low layer and strong trapping the level of all the 
signals is high and the lower frequencies are quite 
steady. As the elevation of the layer increases the 547- 
me signal decreases below detection, the lower fre- 
quencies become less steady and the maximum level 
decreases. Figure 5 in contrast with Figure 4 clearlv 
demonstrates this situation. 


Wave Guipe THEORY 


According to the simple wave guide theory, using 
the modified index, trapping can occur only when 
AM=0; and then only when the wavelength is suffi- 
ciently small compared with the height of the reflect- 
ing layer above ihe earth. The degree of trapping 
depends upon the number of modes, or eigenvalues, 
allowed under the given boundary conditions. 

The San Pedro to San Diego continuous transmis- 
sion link yields data which can be compared with the 
simple wave guide theory. The 52-me data are of par- 
ticular interest, since for this frequency no meteoro- 
logical data have been taken which would indicate any 
modes allowed. Yet the field strength has varied over 
a range of some 30 db, the strongest fields occurring 
at times of high fields on the 547- and 100-mce links. 

Figure 6 shows the variation of the maximum field 
strength of the 547- and 100-mc frequencies versus 
the number of modes allowed as calculated from the 
meteorological data. There is no apparent correlation 
at either frequency. 


ReFLection THEORY 


It has been shown theoretically* that retlection from 
a nonhomogeneous stratum may occur, even when both 
the index of refraction and its gradient are continu- 
ous functions through the layer. The controlling fac- 
tor, for a given incident angle, is the ratio of the 
stratum thickness to wavelength, D/A. At normal 
incidence the reflection coefficient is small, even for 
D/A~0; however, such reflections have been ob- 
served experimentally.? At oblique incidence, for the 
cases where the index of refraction varies monotoni- 
cally through the layer, the reflection ratio increases 
as D/\~0. For the modified index type the reflection 
ratio increases as D/) decreases, passing through a 
maximum after which it again decreases.1 

Figure 7 shows the reflection ratio as a function of 
D/x for various angles of incidence, where here the 
index of refraction is a monotonically decreasing func- 
tion of height through the layer. The total change in 
n through the layer is taken to be 60 X 10“ which is 
the order of magnitude of the changes noted in this 
area during the summer season. For a given stratum 
thickness and height above the earth such that the 
radiation will be incident upon the layer at angles 
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slightly Jess than the critical angle, the lower fre- 
quencies will be reflected more strongly from the 
layer. In addition, any deviation of the layer from 
the horizontal plane will affect the higher frequency 
radiation more than the lower frequencies. This is 
manifested by the greater fading range of the 547- 
me signal as shown in Figure 3. 

Consider the case where the layer is 330 ft thick. 
Since the angle at which the radiation will be inci- 
dent upon the layer will depend upon its elevation, 
it is possible to compare the experimental data with 
theoretically calculated reflection ratios. In Figure 2, 
‘the curves indicate the theoretically predicted varia- 
tion of field strength as the layer rises. The absolute 
decibel scale does not apply to the theoretical curves; 
only the slope is significant. The actual layer thick- 
‘ness and the effective change of the index of refraction 
through the layer varied around the values used, and 
so an exact correspondence between theory and experi- 
ment should not be expected. However, the agreement 
is fair. In addition, at any given time the reflecting 
stratum is a warped surface which changes shape with 
time. This condition complicates any theoretical treat- 
ment of the problem. 

The analysis thus far indicates that the variation in 
actual index of refraction through the layer has to 
be used to explain the magnitude of the fields observed 
on the one-way link. When the layer is thin the longer 
wave radiation might,be expected to leak more readily 
through the stratum and thus show less trapping at 
the greater distances. Actually, the vertical sections 
of field strength taken in the plane (Figures 8 and 9) 
show rather large fields above the layer at the longer 
ranges. This might be interpreted in favor of the 
modified index over the measured index of refraction. 
However, on the other hand it could be diffraction due 
to the low elevation of the layer, or a storage field when 
the actual index of refraction is used. A study of the 
attenuation along the path should clear up this last 
point. 

Vertical Field Strength Sections 

Two typical sets of field strength data. are shown 
in Figure 8 and in Figure 9, Figure 8 illustrates a 
ease for which there was definite trapping predicted 
by the modified index criterion. It will be noted that 
the 63-me radiation shows little variation in field 
strength with altitude. In most cases it shows even 
less variation with time at a given altitude. The higher 
frequencies show more variation of signal with alti- 
tude, and the field strength distribution varies more 
with time. This variation with time is in complete 
agreement with the data taken on the San Pedro to 
San Diego one-way link. The minimum field above the 
minimum point of the M curve, as predicted by ray 
theory, is certainly missing at the lower frequencies 
and rather uncertain at the higher frequencies. 

Figure 9 in the following paper shows field strength 
sections for a day when the reflecting layer was at an 
elevation of around 3,000 ft. Here the solid line rep- 
resents the first run and the dotted line the repeat sec- 
tion. The time interval between sections was from an 
hour to an hour and a half. The sections at about 75 
miles from the laboratory show results compatible with 
the one-way link data. At low elevations the lower 
frequencies show stronger fields than the higher fre- 
quencies. This again is in agreement with reflection 
theory. 


SumMary 


The modified index of refraction, in conjunction 
with ray theory, is a poor criterion for trapping. 
Strong fields are observed well below the horizon when 
the observed modified index would indicate that no 
trapping would be taking place. The vertical distribu- 
tion of field strength for the lower frequencies appears 
to have little in common with the fields predicted by 
ray tracing methods where the energy is assumed to 
follow the rays. 

There is no apparent correlation between the experi- 
mental data and the simple wave guide analysis. 


APPENDIX 


Treating the elevated refracting stratum as a plane 
reflecting layer seems to agree in general with experi- 
ence, for the following reasons. (1) The observed fre- 
quency sensitivity of the reflecting layer is predicted. 
(2) The observed fading characteristics of the differ- 
ent frequencies is again in the right direction, the 
higher the frequency the greater the fading. (3) 
Strong fields well below the horizon under conditions 
of high layers cannot be explained on the basis of 
refraction alone. 


THE CORRELATION OF CALCULATED 
AND MEASURED FIELD STRENGTHS? 


Since the time of issue of reference 3, the impor- 
tance of further experimental check against the cal- 
culated patterns has been fully realized. 

The field strength cross sections recently obtained 
by airplane-borne receivers have made possible such 
a check. 

For anything more than a rough qualitative corre- 
lation it was sqon apparent that quantitative field 
strength analyses were needed for the actual observed 
meteorological conditions. 

Because of the clearly apparent influence of high 
ievel inversion layers on the observed radiation fields, 
this type of condition was selected. Consider, for ex- 
ample, the M curve at 50-mile range obtained on 
September 29 reduced to three linear segments as 
shown in Figure 9.° It is clear that the M curves at 
10 and 100 miles are not seriously different. 

We thus have a condition in which M@— WM, de- 
creases by 50 units in a 200-ft interval of altitude 
attaining the minimum yalue of +50 at 3,000-ft 
elevation. 

Figure 10 shows the ray diagram constructed for 
the analysis. The diagonal lines below 4,000 ft rep- 
resent the positions at which field strengths were 
measured and calculated. 

The actual size of the ray diagrams is 27x40 in. 
Rays in the region of standard refraction have a 58-in. 
radius. Through the transition layer the radius is 4 
in. The above radii are determined by the vertical and 
horizontal scaling factors and are approximately one 
ten millionth of the curvature as given by dM/dh. 
Note that the downward curvature of the earth and 
upward curvature of rays in the standard propaga- 
tion regions are made equal, thus reducing the slopes 
of the rays and resulting errors inherent with de- 
formed scale graphical methods. 

Since the tangent ray (shown with short dashes) 
intercepts only a small part of the fourth and none 
of the fifth section of measurements, the analysis 
methods employed in radar coverage diagrams had 
to be extended. Specifically, the coverage diagram 
analysis at NRSL has applied to fields between 85 and 
100 db below that at a distance of one meter from the 
transmitter. This largely excludes consideration of 
any but interference and trapping zones. 

The measurements with which correlation was de- 
sired extended to about 30-db weaker fields so that 
partial reflection and diffraction fields were involved. 

Proceeding with the ray tracing analysis, the in- 
terference field was calculated at points of intersec- 
tion of the direct and sea-reflected rays. Path differ- 
ences were determined using a map measure and a 
planimeter as explained in reference 4. Ray densities 
were measured for the direct and reflected compo- 
nents, and the associated fields were added with re- 
spect to the phase. The diffraction field below the 
tangent ray was calculated by Norton’s method. 

Reflected rays fromthe layer were introduced as 
originating at the center of the layer. The reflection 
coefficients for the angles of incidence wete calculated 
as described in reference 5 for the case of a mono- 
tonic transition layer in which the refractive index 
decreases by 50°X 10~. In the terms of field intensity 
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See discussion of Figure 9. 


the reflection coefficient values ranged from 0.2 to 
0.1 at 63 me and from 0.01 to 0.003 at 524 me. 

In Figure 9 the calculated normal interference 
and diffraction fields are shown dotted beside the 
measured values except at 3,250 me on which the 
30- and 45-mile sections have been displaced for 
clarity. At 63 me there is an apparent displacement 
of about 3 db which is probably associated with the re- 
duction in measurements to the decibels below the field 
at a distance of 1 m from the transmitter. Note that 
at 60 miles the interference pattern of the diffraction 
and partial reflection fields as calculated appears with 
a phase displacement of about 180 degrees from the 
observed field. The phase relationship depends, of 
course, on an assumed value of 90 degree change of 
phase on reflection. 

At 170 me there is a displacement of about 10 db 
due to difficulty of reduction in measurements. In- 
troducing a 10-db correction, alt values at 170 me 
agree closely, including the field at 130- miles, due 
solely to partial reflection. No attempt was made to 
calculate the detailed variation with altitude. 

The agreement between calculated and observed 
fields at 524 mc is excellent above, but poor below, the 
tangent ray. At 130 miles 20- to 30-db difference ap- 
pears. Note that the measured field is about 20 db 
greater than the 170-me field at that range. This 
contradicts the trend of the calculated reflection coef- 
ficients which should decrease exponentially with rela- 
tive thickness of the layer measured in wavelengths. 
The observed 524-mc fields at 130 miles on some other 
days of pronounced high-level inversions were well 
below the 170-me fields and thus in qualitative agree- 
ment with theory. At 3,250 mc there is again good 
agreement above the tangent ray, but again, in the 
region below, the observed fields were high though the 
calculated values became very small. 

Thus a preliminary check of analysis versus meas- 
urements indicates: 

1. Discrepancy of absolute values except where the 
field at the maximum of a lobe was measured. 

2. Excellent agreement as to variation with range: 
and altitude above the geometric tangent as well as 
in the diffraction-partial reflection zoné, except that, 
at 524 me and 325 me strong fields were observed 
below 4,000 ft to 130 miles in contradiction with 
theory. 


ARIZONA. 


ATMOSPHERIC REFRACTION UNDER 
CONDITIONS OF A RADIATION 
INVERSION: 


x INVESTIGATION of propagation of high-frequency 
radio waves under conditions of a nocturnal tem- 
perature inversion was made in Arizona over a short 
period in December 1944. Climatic conditions in this 
Tegion permitted testing the dependency of refractive 
index in the lower troposphere on the temperature 
lapse rate, since the water vapor content was expected 
to remain relatively constant. 

During the day in this area. the soil heats rapidly, 
producing vertical instability and convection mixing 
near the ground and hence a temperature lapse rate 
in the lower atmosphere approaching the dry adia- 
batic rate. After sunset the soil temperature drops 
rapidly, cooling the layer of air adjacent to the sur- 
face and prdducing a low-level radiation inversion 
during the night. 

It was thought that the progression of this low- 
level inversion would at times cause the lapse rate of 
refractive index to vary between slightly positive and 
zero, which would be the case of greatest interest. If 
during such a variation of lapse rate field strength 
observations are made with a receiving antenna which 
under standard conditions is in the earth shadow re- 
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gion, a test can be made of Hoyle’s hypothesis* that 
temperature lapse rate is of greater significance than 
ia now believed. If, for example, the field strength 
during one-way transmission reaches the value cal- 
culated for a flat earth while the modified refractive 
index lapse rate is still positive, then something must 
be wrong with either the modified index concept or 
the method of calculating refractive index from mete- 
orological data. 

When the modified index lapse rate is relatively 
constant with altitude, a fairly simple transformation 
makes the atmosphere nonrefracting and the effective 
earth radius greater or smaller than the actual radius, 
and ray tracing should then be valid in the interfer- 
encé field. If no rays reach the receiver, the diffracted 
field must supply all the energy received. 

The propagation path extended from Datelan to 
Gila Bend, Arizona, a distance of 47 miles over desert 
terrain. A 3,200-mc transmitter was located on a tower 
at a height of 53 ft above ground at Datelan, with the 
receiver 35 ft above the ground in the control tower 
at the Gila Bend airfield. There is a gentle rise of 
ground from Datelan to Gila Bend with a total rise 
in elevation of 402 ft, or about 8.5 ft per mile. The 
intervening terrain is remarkably uniform, without 
trees or large irregularities, and there are no build- 
ings except in the immediate vicinity of the trans- 
mitter and receiver locations. 

Figure 1 shows the diurnal variation of surface air 
temperature at Ajo, Gila Bend, and Phoenix for 
December 16 and 17, 1944. These typical data show 
the uniformity of conditions over that region and 
the effect of radiation cooling on the air mass near 
the surface. 

Figure 2 shows the variation of the soil tempera- 
ture with time at Datelan for the same period, as well 
as temperature changes at 25, 50, 100, and 500 ft 
above the earth. 

The general topography around Gila Bend in con- 
Junction with the diurnal variation in the prevailing 
surface wind vector shows an interesting condition. 
Hourly wind vector observations during November 
‘and December 1944 showed that by 1900 the prevail- 
‘ing wind was downslope toward the lower elevations. 
This flow of cold air into the area of the link may be 
tesponsible for the overall cooling of the air up to 
several hundred feet during the night. At present it 
is not clear how much of this effect should be attrib- 
uted to radiation and eddy diffusion of heat toward 
the earth, although on nights with wind speeds from 
calm to a gentle variable breeze it is difficult to at- 
tribute the entire transport of heat to the latter 
processes. 

Some pertinent data are tabulated in Table 1 show- 
ing the time at which the signal was first detected and 
completely lost and the general atmospheric and 
ground conditions nearest these times. On the after- 
noon of December 14, the sky was overcast, and the 
signal was detected about an hour earlier than on the 
other evenings. 

Figure 3 shows the field strength data for a typical 
day plotted in decibels below free space. The maxi- 
mum and minimum for half-hour intervals are shown 
so that the fading range is apparent. The meteorologi- 
cal data for the period are given in the form of modi- 
fied refractive index curves relative to a fictitious earth 
tadius of 4a/3, the time of the sounding being given 
on each curve. 

The diurnal variation in field strength is quite pro- 
nounced and regular. The maximum range of fields 
Measured was around 46 db, the maximum field gen- 
erally occurring at times when the inversion layer was 
thickest. There is no significant correlation between 
strong fields and the amount that M decreases at some 
elevation above the antennas. In fact, at times such 
as 0900 on December 17 the field strength is quite 
high and yet M shows little indication of trapping. 
In most cases strong fields occur at times when the 
4a/3 modification of the index of refraction gradient 
is near zero or varying slowly with altitude. 


APPENDIX 


The general results of this experiment may be sum- 
marized in the following way. Over the desert loca- 
tion a ground-based temperature inversion was found 
each pight due to radiation cooling of the under- 
lying surface. This temperature inversion produced a 
strong index of refraction gradient in the first few 
hundred feet above the earth. 

The 10-cm nonoptical link showed a marked diur- 
nal variation in field strength in close correlation 
with the building up and intensification of the tem- 
perature inversion. The strongest fields generally ac- 
companied modified index gradients approaching zero 
in the first few hundred feet above the earth’s surface. 

The trapping criterion most widely accepted here- 
tofore specifies that, at some elevation above the 
transmitter and receiver antennas, M should be less 
than at the antennas. The data herein reported seem 
to indicate that this criterion is neither necessary nor 
sufficient to insure strong ‘fields below the optical 
horizon. The strongest fields observed at 10 cm ap- 
proached the flat earth value, assuming a reflection 
value of unity for the earth. 


ANTIGUA, WEST INDIES 


PROPAGATION IN S AND X BANDS 
IN LOW-LEVEL OCEAN DUCTS 


General Description" 


ad [be EXISTENCE of low-lying ducts over the seas of 
the world, particularly in the trade wind belt, has 
been known for the past 2 years. Measurements made 
by the British and by Washington State College and 
the Naval Research Laboratory have consistently in- 
dicated the presence of ducts ranging in thickness 
from 20 to 50 ft in regions where the trade wind 
followed a long over-water trajectory. These ducts 
are known to vary in intensity and thickness with 
wind velocity during the trade wind season. It was 
considered advisable to investigate the possibility 
that such ducts would permit greatly extended ranges 


‘on surface craft and very low-flying aircraft by prop- 


erly sited radar installations. 

Diseussion by representatives of the Chief of Naval 
Operations, NDRC, and the Naval Research Labora- 
tory resulted in organization of a project to make an 
experimental investigation of meteorological and prop- 
agational conditions in an area of the Caribbean 
theater where such ducts are persistent, with a view 
to determining their operational usefulness. It was 
decided that a one-way ship-to-shore transmission 
path over water would provide the most direct data 
for analysis, and such a system was set up, using 
transmitting and receiving equipment provided by 
the Radiation Laboratory. The transmitters were in- 
stalled in a patrol craft assigned for the project, there 
being no larger vessel available, with transmitting an- 
tenna heights of 16 and 46 ft. 

The site chosen for the receivers at the land-based 
end of the link was at Judge Bay on the island of 
Antigua in the Leeward Island group of the British 
West Indies. Antennas were installed on a tower 50 
ft from the water’s edge, at heights of 14, 24, 54, and 


94 ft, for both S- and X-band receivers, 


Antennas for both S- and X-band transmitters were 
installed on the patrol craft at heights of 16 and 46 
ft. These consisted of parabolic reflectors arranged 
to permit transmission forward or astern, su that 
transmissions could be made on both the outward 
and inward legs of the runs. The S-band transmitter 
peak power output was 42 kw, and its antenna pro- 
vided a measured gain of 27 db. Output on X band 


‘was 31 kw, the antenna providing a measured gain 


of 29 db. Later in the experiment an S-band antenna 

was installed at a height above the water of 8 ft. 

Tests were made with this antenna on two suns. Ad- 

ey Ut. R. W. Bauchmam J. 8. Naval Research Labora- 
ry. 
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equate switching arrangements to permit tests with 
the different antennas were provided, and power out- 
puts were measured by means of directional couplers 
and thermistor bridges. 

Meteorological measurements from the ship con- 
sisted of detailed temperature and relative humidity 
readings taken on a rigging running from a boom 
extending out over the water amidship to the yard- 
arm about 46 ft above the water. Low-level sounding 
equipment of Washington State College design was 
used for all meteorological measurements. Balloon 
ascents to heights of 600 ft from the stern of the ship 
were also made when conditions permitted. Hourly 
observations of sea temperature, wind, and sling psy- 
chrometer readings from the bridge were made. It was 
impossible to obtain satisfactory soundings on the 
rigging or by use of balloons and kites when running 
away from the tower into the wind because of the 
large amount of water taken over the bow and the 
resulting salt spray. Shipboard observations during 
outward runs were therefore confined to the hourly 
wind velocity, sea temperature, and sling psychrom- 
eter readings. On return runs with the wind, bal- 
loon and rigging soundings were made. It was neces- 
sary to estimate the height above the surface for 
readings taken below 10 ft because of the severe 
pitching and rolling motion of this type of ship, and 
therefore very few such readings were made. 

At the receiving end of the radio path, the antennas 
for S band were 48-in. parabolic dishes with a gain 
of about 30 db. The X-band antennas were 48-in. 
dishes cut to 2 ft in the horizontal dimension to 
broaden the horizontal acceptance angle. This was 
done to eliminate the effects of minor deviations of 
the ship from a radial course. These antennas had a 
measured gain of 35 db. Midway in the experiment 
an X-band antenna was mounted at the base of the 
tower at a height of 6 ft, since results up to that 
time indicated the lowest available antenna height 
on X band gave the strongest signals. All antennas 
were mounted on swivels to allow alignment on any 
course over a 40-degree arc and were connected by wave 
guide and stub-supported coaxial cable. 

Two S-band and two X-band receivers feeding 
Esterline-Angus recording milliammeters were kind- 
ly furnished by the Radiation Laboratory. The S- 
band receivers had a minimum sensitivity of 110 db 
below 1 w, while the X-band receivers had a mini- 
mum sensitivity of 105 db below 1 w. It was necessary 
to use automatic frequency control on the X-band 
receivers, but manual tuning was employed on the 
S-band receivers because of the greater frequency 
stability of the S-band magnetron. The receivers were 
calibrated with standard test sets before every run 
and checked upon ‘the completion of each test. Indi- 
vidual calibration curves were then used in plotting 
the results of each run. Since only two receivers on 
each band were available, an r-f switching arrange- 
ment similar to that used on the ship was employed. 

Two-way voice communication between the ship 
and shore station was maintained at all times for 
coordination of operations. The facilities of an Army 
radio direction-finding station on the island were 
available to obtain bearings on the ship. 

Meteorological measurements were made at the 
shore station during operations by means of kite 
flights and a guy rigging running from the water’s 
edge to 10 ft above the top of the tower. Detailed 
soundings in the first 100 ft were then taken by slid- 
ing the measuring instruments up and down. the 
rigging. Since the duct conditions important in this 
investigation were always below 100 ft, only occa- 
sional kite soundings (two to three a day) were made 
to check the higher levels. Most of the data accumu- 
lated were taken on the tower rigging where detailed 
soundings could be made. Wind speeds at the surface 
and 100 ft levels were recorded hourly. Hygrother- 
mographs were placed at the antenna levels and con- 
tinuous records taken to determine the diurnal varia- 
tion of temperature and relative humidity, if any. 
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A typical procedure was to align the ship at a point 
about 6 miles off shore (closer ranges were impossible 
because of reefs lying off the northeastern coast of 
the+ island) and commence a run on a prescribed 
bearing away from the tower. This bearing was pre- 
determined by ship observations of the current wind 
and sea direction. The receiving antennas were 
aligned to maximum signal strengths recorded by the 
Teceivers and secured in this position by clamping to 
the deck. The ship operating speed was usually around 
10 knots, depending on the current sea conditions. 
While the ship was moving on the course, antenna 
changes on the receivers were made every 15 minutes 
for some runs, while antenna heights on the trans- 
mitting end were changed every 2 hours. After making 
several runs using this procedure, results showed that 
there was no discernible diurnal variation of signal 
strength. Therefore, later runs were made using an- 
tenna changes on the transmitting end only at the 
conclusion of the run out. Periodic changes of the 
receiving antenna heights were made in order to 
obtain a complete record of all possible antenna com- 
binations during each run. 

One of the main difficulties encountered in this 
type of operation was keeping the ship on the sched- 
uled course. Deviations from this course were detected 
by means of sudden drops in signal strength on the 
X-band receivers. When this occurred, one of the 
X-band antennas was realigned to give maximum 
signal return and the change in ship’s bearing noted 
by use of a bearing marker attached to the antenna. 
This change was then applied to the remaining an- 
tennas and the ship’s course changed accordingly. 
Additional checks on the ship’s course were obtained 
by means of the radio direction-finding station. By 
using this information, it was possible to detect de- 
viations in the ship’s course without losing any part 
of the record. The ranges of these runs extended up 
to.a maximum of 190 miles. Signals were- usually 
detected out to this range on the lowest X-band com- 
bination and the highest S-band combination of trans- 
mitting and receiving heights. 

Figures 1, 2, 3, and 4 show the plots for one com- 
plete run. It is apparent that the lower antenna com- 
binations on X band produced the highest signal level. 
Signal strengths from higher antenna combinations 
declined proportionately with height. On S band the 
reverse appeared to be true, the 46- to 94-ft antenna 
combination giving the highest average signal level. 

Figure 5 shows a composite presentation of 16-ft 
transmitting antenna to 14-ft receiving antenna. The 
average received signal with this antenna combina- 
tion is 5 to 10 db below the 8- to 6-ft X-band antenna 
combination. 

Figure 6 is a record of all the runs on the 40-1t 
transmitting and 94-ft receiving antenna combina- 
tion. This clearly shows that the highest combination 
available with this setup produced the best results. 
Tt can also be seen that the signal level is considerably 
further below the free space value than is the X-band 
signal for these ranges. 

In order to determine the effect on the signal 
strength of moving the antenna inland, a mobile unit 
consisting of an X-band receiver, test set, recorder, 
and 18-in. parabolic dish were mounted in a truck 
and operated from a gasoline-driven generator. Meas- 
urements during several runs were recorded 14, 1, 
and 1 mile inland from the tower. The antenna heights 
above the sea surface were 25, 50, and 100 ft, respec- 
tively. In one instance, the unit was placed behind a 
hill with the antenna several feet below the top to 
see if transmission over the hill was possible. There 
was a noticeable decrease in signal strength, approxi- 
mately 13 db, but some signal was still recorded. 

Meteorological measurements were taken simul- 
taneously with the inland radio measurements. Kite 
soundings at several points at increasing distances 
inland from the water’s edge were made, and detailed 
soundings on a 50-ft windmill tower about 14 mile 
inland were recorded over a 12-hr period. 


APPENDIX 


Additional meteorological measurements from the 
ship on the leeward side of the island were made to 
determine if duct conditions existed in this area. 
Measurements taken from 2 miles out to approxi- 
mately 20 miles off shore showed that duct conditions 
similar to those found on the windward side of the 
island existed. 

During the final phases of the project, an X-band 
tadar was installed at the base of the tower with an 
antenna height of 6 ft. Measurements of echo strength 
versus range were made on the PC boat to evaluate the 
effect of the duct on X-band radar. Antenna heights 
of the radar were varied from 6 ft to approximately 
90 ft by placing the installation on the truck in much 
the same manner as was done with the receiver in the 
one-way experiment. This was then set up on sites 
overlooking the coastline to sea. The heights at which 
signal strength versus range measurements were made 
were 6, 15, 50, and 90 ft. The variation in the range 
of sea clutter for these heights was also observed. 
Measurements on the leeward side of the island were 
also made with this radar with approximate antenna 
heights of 6, 10, and 75 ft above sea level. 

The maximum range obtained using the PC boat 
as a target with a broadside aspect was 47 miles. This 
Tange was observed with the radar antenna at the 
6-ft level. The maximum range obtained on the ship 
from the 90-ft level was 26 miles. Sea clutter war 
found to vary with the antenna height and wind speec 
Maximum return of 15 miles on sea clutter was ot 
served at the 6-ft level with wind speeds of 20 to 30 
knots. The maximum range at which sea return was 
obtained varied proportionately with height up to 
the 90-ft level. This range was decreased 50 per cent 
with lower wind speeds of 10 to 15 knots. The most 
significant radar datum obtained to leeward of the 
island was the detection of a ship at 45 miles from 
a 75-ft site. 


Meteorological Measurements? 


The description of the meteorological measure- 
ments in connection with the experiment at Antigua 
is divided into three parts, as follows: first, a brief 
general description of the West Indian climate; sec- 
ond, a survey of the low-level soundings; and third, 
a necessarily hurried analysis of the data, with certain 
tentative conclusions. 

The most noteworthy feature of the climate at 
Antigua during the late winter is the persistence of 
one type of weather. This weather condition is deter- 
mined largely by the position and strength of the 
Bermuda high, a large semipermanent high-pressure 
area covering much of the Atlantic from 10 to 30 
degrees north latitude. The northeast trades blow 
around and out of the high’s southern rim. With a 
few exceptions during the period of the experiment, 
the wind direction at Antigua was east-northeast. 
Once, for a period of 3 days, it went around to north- 
northeast and on two separate occasions blew from 
the east. Average daily surface wind speed was 16 
knots, with occasional variations between 8 and 27 
knots. Representative air temperatures varied between 
74 and 78 F, relative humidities between 60 and 80 
per cent. The sea water temperature was reasonably 
constant at 77.5 IF’, with occasional variations between 
76.5 and 78. No significant horizontal gradients of 
sea temperature were found. Precipitation was wholly 
im the form of showers with a maximum frequency of 
occurrence around sunrise. Periods of relatively dry 
weather followed by periods of relatively showery 
weather and accompanying transitions were experi- 
enced. It is felt that these variations were caused by 
fluctuations in the intensity and position of the Ber- 
muda high or by the trough effects ahead of dis- 
sipating cold fronts. 

During the entire period of observations, a simple 
surface duct was found to exist over the water. From 
the second week in February through the third week 
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in March, and again in the first week of April, duct 
conditions were essentially constant. This condition, 
which is called herein the normal condition, is shown 
in five figures. 

Figure 7 shows the average temperature and mixing 
ratio values for a 2-day period plotted against height. 
Curves of daytime and nighttime conditions are 
shown. Soundings were taken every 2 hours. The 
water surface values are derived from measurements 
made on the ship. Considerable difficulty was found 
in obtaining accurate soundings in the daytime due 
to radiation from the warm land in the case of the 
tower soundings and the warm ship in the case of 
ship soundings. As mentioned in Section 4.1, sound- 
ings were possible on the ship only when running with 
the wind. Thus, radiation effects of the ship were 
maximized, especially in the daytime. However, valu- 
able psychrometer measurements were made on the 
outbound runs which showed the air to be consistently 
cooler than the water. On this basis, absolute values 
of temperature in the daytime tower soundings have 
been arbitrarily adjusted. 

Figure 8 is the M curve computed from the tem- 
perature and mixing ratio curves just given. The sur- 
face duct and the small diurnal change in its proper- 
ties are readily seen. An interesting point is the exist- 
ence of a rather sharp discontinuity at the 1-ft level. 
Careful independent measurements were made using 
a number of locations and techniques. All these tests 
confirmed the failure of the sea surface values to fit 
to the smooth curve. It appeared possible that propa- 
gation results might be more dependent on the M 
deficit as computed using the 1-ft value than on that 
computed from the sea temperature. The terms “effec- 
tive surface values” of temperature, mixing ratio, and 
M were therefore established, these being defined as 
the values of these quantities at 1 ft above the water 
surface. Correspondingly, the effective value of M 
deficit is the difference between the value of M at 1 ft 
above the sea surface and the lowest value of M for a 
given sounding, and this effective value should not be 
confused with the total M deficit, which may be con- 
siderably different. This concept will be employed 
later in the paper. 

Another significant feature of the normal sounding 
is the fact that, although the minimum value of M 
is at a height of about 40 ft, the curve does not quite 
reach the slope corresponding to mixed air in the first 
100 ft. Due to the roughness of the few higher sound- 
ings obtained, it has been impossible to determine the 
exact height at which the air becomes mixed. It appears 
to be between 100 and 200 ft. 

The next four soundings show what happened to the 
duct under abnormal synoptic conditions. The major 
variations were (a) relatively low winds, (b) rela- 
tively high winds, (c) relatively dry air, and (d) rela- 
tively moist air. 

The figures which follow are mean or representative 
sample soundings made during each of the conditions 
described above. All were made on the tower and are 
chosen as best illustrating the effect on the Mf curve. 

Figure 9 is a mean curve for low winds. It shows a 
lowering of the top of the duct and a change in slope 
of that portion of the curve lying between 1 ft and 
the top of the duct. No marked change is found in the 
total M deficit. 

With wind speeds greater than normal, the duct 
thickness increased, the effective Af deficit decreased, 
and the total M deficit also decreased slightly. The 
average of 4 days’ soundings during a windy period 
is shown in Figure 10. 

At one time there was an influx of exceptionally 
dry air with winds of normal speed. Figure 11 shows 
the effect on the M curve. The major change is an in- 
crease in the total M deficit. 

Figure 12 is a sample sounding made during a pe- 
riod when the air was relatively moist. The significant 
deviation from the normal soundings is the decrease in 
the total M deficit and the lack of any change in the 
effective M deficit or in the duct height. 


In addition to the shore soundings made at the 
water’s edge, a few soundings were obtained inland, 
in an effort to determine how far in over the land the 


duet extended. Unfortunately, most of the data are 
sparse and not too reliable. A few good soundings 
were obtained about 1 mile inland, an’ example of 
which is shown in Figure 13. The data were taken dur- 
ing the day and show clearly that no low duct existed 
at that time. This slide is a composite between a 
sounding made on a 50-ft windmill and a kite sound- 
ing made nearby. The kite was flown to 600 ft and the 
M curve continued at the slope representing mixed air 
from 60 ft on up to 600 ft. No night measurements 
were made. 

Tt was possible to make a few shipboard soundings 
to leeward of the islahd, beginning at a distance of 24% 
miles and continving on out to 20 miles. A preliminary 
study of the results shows no appreciable change over 
the course and no difference between conditions to lee- 
ward and to windward of the island, indicating that 
the duct is restored very close to shore. 

Some plots of certain correlations between wind 
speed, duct thickness and J/ deficit follow. The graphs 
in many cases are composed of very few points and 
due to the short time available are based on average 
soundings which have necessarily been smoothed. 
Figures 14, 15, 16, and 17 are based on the mean tower 
soundings and mean winds for each run, these being the 
only smooth data readily available for quick analysis. 

Figure 14 shows effective M deficit plotted against 
wind speed. This portion of the curve seems sensitive 
to wind speed variation. 

Figure 15 shows the effective slope (height of min- 
imum M divided by effective M deficit) plotted against 
wind speed. Some connection between the two quan- 
tities is indicated. 

In Figure 16 the height at which M is a minimum 
is plotted against wind speed. The isopleths of effective 
M deficit have been sketched in. A few of the points 
were thrown out in drawing the isopleths. For constant 
duct height, the effective M deficit apparently first in- 
creases with increasing wind speed and then decreases. 
Unfortunately there are only two points in the low 
wind region to establish this behavior. It is quite pos- 
sible that the lines should be more nearly horizontal 
at low wind speeds and then should slope off in the 
manner shown for winds above 15 knots. 

An attempt to plot sea temperature minus air tem- 
perature against wind speed showed no correlation 
Plotting mixing ratio based on saturation at sea tem- 
perature minus mixing ratio computed from dry and 
wet bulb temperatures against wind speed also failed 
to show any correlation. 

Figure 17'is a plot of total M deficit versus wind 
speed, with isopleths of total slope, that is, the duct 
height divided by the total M deficit. Again, the exact 
pattern of the isopleths is not definitely determined. 
With the inclusion of more data in the form of 
smoothed individual soundings, this chart and the 
previous ones may prove to be more conclusive. If this 
is the case, it may then be possible to estimate the 
values of duct height and effective M deficit simply 
from single observations of air temperature, air hu- 
midity, sea témperature, and wind. Psychrometric 
observations taken at a height of from 30 to 60 ft 
above the water would provide the value of M at the 
top of the duct to +1 or 2 M units at the most. An 
observation of sea temperature leads directly to the sea 
surface value of M, and the wind speed can be obtained 
from the ship’s anemometer. Thus with the aid of the 
charts three important points on the M curve can he 
obtained, namely, the values of M at the sea surface 
and at 1 ft and the minimum value of M and its 
height. 

These preliminary results may be summarized as 
follows: 

1. A surface duct between 40 and 50 ft high with 
a slightly transitional-type layer extending above the 
duct to between 100 and 150 ft exists most of the 
time over the water in this area. 
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2. The duct is destroyed over land in the daytime 
within about ¥% mile of the shore. 

8. Islands comparable in size to Antigua have little 
effect on the duct on the leeward side at a distance 
greater than 2% miles off shore, 
~ 4. The higher the wind speed the thicker the duct 
becomes and the less the effective M deficit becomes. 

5. Changes in wind speed have little effect on the 
total M deficit, which is determined essentially by 
the temperature and humidity of the air mass as a 
whole in relation to the surface water temperature. 

6. These conditions probably prevail over ocean 
areas having comparable climates, 


Preliminary Results of Radio and Radar 
Measurements? 


The main purpose of the experiment was to estab- 
lish what operational use could be made of low-lying 
ducts and to confirm observation of the effects of such 
ducts on radio and radar propagation made in various 
parts of the world. The data accumulated have been 


‘available for study only 2 weeks, and there has been 


insufficient time for a complete analysis. As a con- 
sequence only the highlights of the agreement between 
experiment and theory have been determined. 

Ducts were present all the time, and trapping on 
both X and § bands, which increased the signals to 
levels considerably above standard propagation values, 
was found to exist all the time. The general conclusion 
regarding the effect on the two bands was that on S 
band antennas as high as the experiment would allow 
gave the highest signal strengths. On X band, on 
the other hand, the lowest antenna heights which were 
available usually gave the strongest signals. 

Figure 18 is an S-band run made on March 15. It is 
a composite run containing the results of both the 
outward and the inward runs. Several of the curves 
have been omitted for clarity. The highest curve is 
for a combination of a 46-ft transmitting antenna- 
and 94-ft receiving antenna. The lowest curve is for 
the two lowest heights, 16 and 14 ft. The slopes of the 
curves are rather steep for the first 80 miles or so, 
the signal declining considerably less rapidly there- 
after. Also, the variation of the signal with height is 
shown here to be in the order in the extremes between 
25 and 30 db. This interval from 80 to 50 db shows a 
difference between the two extremes of 30 db. To trans- 
late that into a radar situation, double that difference 
to get a difference of 60 db, showing that on S band 
the higher antenna combinations would provide con- 
siderably better coverage for targets in the order of 
100 ft high and with transmitters at the height of about 
50 ft. Stated another way, the highest antenna com- 
oination would provide coverage beyond that obtain- 
able with the lowest in the order of 30 miles. 

There is as yet no reasonable explanation for the 
extremely slow decrease in signal beyond 80 miles. 
This feature is very distinctive in the S-band curves. 
For the X band, it is generally not discernible except 
on a few runs toward the extreme range portion. The 
tate of decrease of signal with range in the region. 
inside 80 miles would be exponential if there were a 
straight line on this figure. Considering it to be s0, 
averaging over a number of runs gives roughly 0.8 db 
per nautical mile. That decrease is the total amount, 
the 1/R variation not having been extracted from it. 
Attempts to do so show that the resulting curve does 
not, in a plot of this sort, fit a straight line as well 
as the original values themselves, but if the 1/R value 
is taken out of the power relation the average attenua- 
tion is then roughly between 0.5 and 0.6 db per nau- 
tical mile. In this region (beyond 80 miles), on the 
other hand, the decrease of signal with range is con- 
siderably less, being between 0.15 and 0.2 db per nau- 
tical mile. No satisfactory explanation for this be- 
havior has yet been derived. 

Figure 19 shows the X-band results for the same 
period. Antenna heights of 16-ft transmitting and 
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6-ft receiving produced the highest curve, the lowest 
curve being obtained on a 46-ft to 94-ft combination. 
Note that succeedingly higher antenna combinations 
produced successively lower signal strengths. There is 
some variation, but when the curves gre smoothed 
to a straight line the attenuation is on the order of 
0.33 to 0.5 db per nautical mile. Removing 1/R re- 
duces the attenuation to roughly 0.2 db per nautical 
mile. There is no sharp bend in the curve at about 80 
miles, as was the case on the S band. The lowest (16- 
ft to 6-ft) antenna combination showed more than 
35 db greater signal strength than the highest (46-ft 
to 94-ft) combination. Considering again the radar 
case, it is found that the higher antenna provides rela- 
tively poor coverage compared to the lower. In terms 
of range for a given signal threshold, the difference in 
favor of the lower antenna is about 80 miles. 

Figure 20 shows an X-band curve obtained during 
April 10 and 11, when a transmitting antenna height 
of 8 ft was available. Received signal powers for 6-, 
14-, 24-, 54-, and 94-ft receiving antennas are shown. 
The curves are somewhat scrambled, but the general 
result is that the lowest antenna again produces the 
greatest signal, with increasing antenna height pro- 
ducing progressively smaller signals. This was not the 
case without exception, as can be seen in Figure 4, 
where the 6- and 14-ft antennas exhibit comparable 
behavior. In that case the maximum range was ob- 
tained on the 14-ft antenna. The average slope in 
Figure 20 is somewhat less than that shown in Fig- 
ure 19. Exact averages of all the runs have not yet 
been worked up. 

Figure 21 shows a plot of received signal versus 
range, made on a 3-cm radar, using a PC boat as a 
target. The highest curve was obtained with a 6-ft 
antenna height, using a 48-in. dish to obtain greater 
gain and range. The other run with 6-ft antenna was 
made using the regular 29-in. dish. There is a consider- 
able spread in the values of received signal due to the 
difficulty of measurement. However, the significant 
thing is that the maximum ranges obtained are in 
accord with the indications given by the one-way trans- 
mission results. Striking an average slope shows the 
decrease of signal with range to be about 1.0 db for 
each 1.5 nautical miles. 

The important conclusions can be summarized as 
follows: 

1. The surface duct is very persistent. 

2. The duct is very effective in extending the ranges 
obtainable on both S and X bands, for either one-way 
or two-way transmission. 

3. On S band, the highest combination of trans- 
mitting and receiving antennas produces the strong- 
est signal and the greatest range. 

4. On X band, the lowest combination of transmit- 
ting and receiving antennas produces the strongest 
signal and the greatest range. 

5. Surface ducts in the trade wind regions can be 
used for communication purposes to a conservative 
range of 100 miles. Greater ranges are probable but 
will require further investigation. 

6. Rain in the form of squalls does not appreciably 
affect the received signal. 


ENGLAND 


BRITISH TRANSMISSION 
EXPERIMENTS: 


Introduction 


HE BROAD OBJECT of the studies carried out in 

Great Britain during the past few years has been 
to establish the characteristic facts of the propagation 
of centimeter waves (more recently of meter waves 
also) and especially to determine the relationship be- 
tween radio performance and meteorological condi- 
tions in the lower atmosphere, with forecasting as the 
ultimate aim. 
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Although propagation of 10-cm waves to distances 
much beyond the optical range had been observed 
under favorable conditions nearly a decade earlier, 
it was the striking increases in range of decimeter 
and centimeter wave coastal radars in southern Eng- 
land, observed in the summers of 1940 and 1941 re- 
spectively, which led to a concentrated attack on the 
long-range aspects of the problem. About the same 
time a need arose for more accurate knowledge of both 
‘the short-range “interference” field and the long- 
range “diffraction” field for certain communication 
projects, and the radio equipment developed to meet 
this need formed a nucleus round which the later and 
more ambitious experiments grew. The reviews of van 
ious experimental and theoretical aspects of this work 
are listed in references 1 through 15. 

Continuous observations have been carried out over 
a range of optical and nonoptical paths across the Irish 
Sea on S and X bands and over a single 38-mile land 
path on S band. These are discussed below. In addi- 
tion to this work several investigations of more specific 
propagation problems have been carried out during 
the summer of 1944. 

1. Measurements on two wavelengths in S band, 
over a 70-mile sea path between a site in South Wales 
and the summit of Snowdon (3,500 ft). This optical 
path was studied to obtain data on the probability 
of missing aircraft on S-band radars under conditions 
favorable to trapping at low levels over sea. 

2. Measurements on a wavelength of about 3144 m 
over a 90-mile sea path, with heights such that the 
path length was about twice optical range, to provide 
quantitative data on the importance of refraction in 
this waveband. 

3. Raddr measurements from Llandudno, North 
Wales, with the Isle of Man and the Irish Coast as 
the main targets, on 8, X, and K bands. The object 
was to obtain practical data on the relative perform- 
ance of K band under a variety of meteorological 
conditions which were studied simultaneously with 
the radar observations by ship, balloon, and aircraft 
measurements. Some further reference to the results 
of (1) and (2) appears below; an interim report on 
(3) has been circulated.?? 


Irish Sea Measurements 


The first plant for simultaneous measurements 
within and much beyond the optical range on wave- 
lengths of about 9, 6, and 3 cm, using heights of 
about 100 and 500 ft each site, was made in the 
latter part of 1941. 

The work was planned on an inter-service basis, 
with equipment provided by Admiralty (developed 
under Admiralty contract by General Electric Com- 
pany Research Laboratories from that used in the 
early communication studies mentioned above) and 
stations provided and operated by Signals Researct 
and Development Establishment, Ministry of Supply. 
Arrangements were made for analysis of the data by 
the National Physical Laboratory, which has also 
more recently undertaken the development of moni- 
toring equipment. The collaboration of the Meteoro- 
logical Office was received at an early date, but it 
was only when the study of the subject had made 
further progress that the need for detailed low-level 
meteorological measurements was realized 5 these have 
been undertaken by the Naval Meteorological Service, 
soundings being made in ships and by means of ship- 
borne balloons. Additional arrangements have recent- 
ly been made with the Meteorological Office for regu- 
lar aircraft soundings over the path. 

Some difficulties were encountered early in 1942 
in finding sites for the stations which were accept- 
able from all points of view, and the field work done 
in that year consisted of several short-period trials 
over a rather wide variety of land and sea paths. In 
spite of many limitations, in particular as regards 
detailed meteorological data, the general conclusions 
reached in these trials? have been largely substan- 
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tiated by later measurements. Table 1 gives details of 
the sites finally adopted. 

The path length from South Wales (A and B) to 
North Wales (C and D) is 57 statute miles and that 
to Scotland (E and F) is 200 statute miles. The path 
lengths in terms of geometrical optical range for the 
eight possible paths are shown in Table 2. 

In the original scheme all the paths were to be 
collinear, but this could not be realized with the 
sites finally adopted; the South Wales to Scotland 
paths differ by about 17° in bearing from the South 
Wales to North Wales paths, the bearing of the 
former being within a fraction of a degree of true 
north. A scheme for recording data over all paths 
(though necessarily not continuously) was evolved; 
each transmitter beam was aimed for half the time 
along each of the two bearings 17° apart (a 74- 
minute period was found the most satisfactory, and 
a small change in frequency (5 to 10 mc) was made 
automatically when the beams switched over. 

At each frequency the transmitted signal consisted 
of square pulses, at equal on/off ratio, with a repeti- 
tion frequency of 1000 c. The “standard” power out- 
put in the “on” period was 0.6, 0.3, and 0.15 w for 9, 
6, and 3 cm, respectively; the signal records were 
corrected for any significant departure from these 
powers. Paraboloid mirrors 48 in. in diameter were 
used for all transmitters and receivers; these were 
mounted inside the stations behind large canvas- 

overed “windows.” The increase in mirror gain with 
frequency more thai made up for the reduction in 
transmitter power, in spite of the less effective utiliza- 
tion of the mirror area. In the receivers the 1,000-c 
component of the modulation was rectified to operate 
the recording milliammeters. Provision had been made 
for monitoring the field radiated from the trans- 
mitters and the sensitivity of the receivers, in terms 
of a standard radiated field. This scheme was brought 
‘into operation as the National Physical Laboratory 
equipment became available; other less complete 
methods of monitoring the transmitters and check- 
ing the receivers had been in operation from the start. 
(Data for the 5-cm equipment are included here 
although, as will be noted, it was not used.) 

Radiotelephone communication between the North 
Wales and South Wales stations has been maintained 
satisfactorily for two periods of several months each 
using first S- and later X-band equipment, essen- 
tially the same as that used for the signal measure- 
ments, arranged for duplex operation. A meter-wave 
system (which gives more continuous service over 
long nonoptical paths) is now being installed by Ad- 
miralty Signal Establishment to link all the stations; 
it is already operating satisfactorily over the 57-mile 
path, and a relay link from North Wales to Scotland 
is being provided. 

On S band, operation on all four links across the 
57-mile path commenced in November 1943, although 
the two from Station A (high site) had been running 
since July. During the preliminary period, up to the 
beginning of 1944, in which a number of practical 
difficulties had to be overcome, the radio results were 
subject to rather more uncertainty than was the case 
in the earlier measurements where a concentration of 
experienced personnel was possible for the short peri- 
ods involved, and detailed analysis of these results has 
not yet been attempted. One S-band receiver was in 
operation in Scotland (Station F, low site, 200 miles) 
from the end of August 1943, but apart from one 
brief period during September, no signals were re- 
ceived until March 1944, just before the second S- 
band receiver (Station E, high site) was installed. 

On X band all the stations were in operation by 
July 1944, operation on the 200-mile links having 
started a,month earlier. 

After a few months of operation of all 16 links it 
was realized that the available effort would not be 
sufficient to cope adequately with the tasks of editing 
and examining the signal records. Consequently a 


rather drastic reduction of the centimeter wave pro- 
gram was agreed to for a trial period of 6 months, 
starting October 1, 1944. For this period the follow- 
ing links were operated continuously (without beam 
switching) : on S band, A to C and D (57 miles) and 
B to E (200 miles) ; on X band, A to C and B to D 
(both 57 miles). (The possibility of a link from B 
to D on S band with separate equipment was also 
envisaged.) 

It was agreed to postpone operation on 6 em, but 
at least one 3%4-m link over each of the two path 
lengths would be added; preliminary measurements 
on this longer wavelength were already being made. 
In addition, K-band equipment for at least the optical 
57%-mile path was to be installed at an early date. 

Figure 1 shows a general view of the equipment in 
oue of the stations (D). The X- and S-band receivers 
are in the center of the picture, with the mirrors and 
canyas-covered windows behind. ‘Nhe S-band signal 
generator aud monitoring equipment are on the small 
table beside the S-band receiver. The recorders are 
mounted on a temporary table (now 1eplaced by the 
central control desk), extieme right. The empty bay, 
extreme left, was designed to house the K-band equip- 
ment. The meter-wave equipment was mounted in an 
adjoining room. 

In addition to the radio measurements, some study 
was made of the behavior of a light beam over the 
5%-mile path dwing the summer of 1944 in the hope 
that this might provide useful information on the 
refraction produced (nearly) by temperature gradient 
alone. Measurable changes in elevation were some- 
times observed by means of a theodolite, but the in- 
cidence of adequate visibility was small, and little 
quantitative information was obtained. 

A detailed study of the S-band signal records and 
meteorological data obtained from February 1944 is 
being made at the National Physical Laboratory, par- 
ticularly for the 57-mile paths AD and BD.? Similar 
study of the S band and 3%4-meter data will follow. 

Figure 2 shows a plot of hourly mean signal level 
for the S-band signal over the links AD and BD for 
June 1944, with a record of some meteorological fac- 
tors—fronts, precipitation, and fog—with which com- 
parison has been made. 

It should be emphasized that analysis of the data 
obtained during this period has not yet been com- 
pleted, but the following general conclusions may be 
drawn : : 

1. There is general agreement between signal vari- 
ations for the two paths, though the short-period 
variations often differ. 

2. Signals are obtained over the 200-mile path 
only when signals over 57-mile path BD exceed about 
30 db above 1 pv. But if the latter condition is ful- 
filled the former does not always follow. 

3. There is a marked diurnal variation, when the 
general level is low or moderate, with high signal in 
the late afternoon or evening and low level in the 
early morning. 

4. There is evidence for an appreciable seasonal 
variation with high level for a greater fraction of the 
time in summer than in winter or spring. 

5. Low level occurs commonly in conditions of 
fog or low visibility (e.g., low level on 174 occasions 
out of 233 on which fog was recorded between Feb- 
ruary and June 1944). 

6. Low level is usually observed at the passage of 
fronts (e.g., on 78 occasions out of 106 on which 
fronts were recorded). 4 

%. While periods of hign level are sometimes chiar- 
acterized by large gradients of water vapor (sound- 
ings usually made for the first 200 ft, at one point near 
the center of the path), no satisfactory correlation 
has been found between 'the character of the M curve 
and the major variations in signal level for the peri- 
ods which have been studied. In general, as is com- 
mon experience for similar paths, high levels tend to 
occur in anticyclonic periods. 

The general character of the S-band signal varia- 


tions for the four 5%-mile paths is illustrated by the 
plots of hourly mean levels for 5 days in August 1944 
shown in Figure 3. The range of variation in level 
increases with the excess of path length over optical 
range, and there is an obvious similarity between the 
three nonoptical paths as regards the larger changes 
in level. This similarity does not extend to the optical 
path AC, which shows signs of an inverse correlation 
with the major variations of the nonoptical paths. 
For a standard atmosphere (4% earth radius) the 
receiver on the AC path is near the record maximum 
of the interference field. For fairly small departures 
from standard (curvature corresponding to, say, 1.0 
to 1.7% times earth radius) the range of variation 
caused by interference is quite small, about +4 to 
—1 db relative to free space field; the smallness of 
the variation is due to the appreciable effect of diverg- 
ence of the reflected ray in this case. 

While other factors beside interference with the 
reflected ray are almost certainly operative in produc- 

» ing variations over the optical path, slow fading with 
a range of the order of 10 db is quite common; and 
a slightly substandard index gradient, which would 
produce a marked decrease in level for the nonoptical 
paths, would leave the AC path in the neighborhood 
of the first interference maximum. 

The free space levels (48 db above 1 py from A, 
44 db from B; difference due to different radiated 
powers at this period; 144 db estimated atmospheric 
absorption allowed for) are marked on the plots of 
Figure 3. For all four paths the highest levels reached 
are in the neighborhood of the free space value; levels 
several decibels above free space are occasionally 
reached during good periods, but they are only rarely 
maintained for as much as a few hours (e.g., path 
BD, May 12, 13 and August 5, 6). The long-time 
average level for path AC should be close to free space 
level, probably about 2 db above. It is actually about 
5 db below for the first half of August 1944 and 
about 3 db below over a period of several months. 
While some of this discrepancy may be due to residual 
experimental error, the fact that it appears to be 
least during periods of poor transmission between the 
low stations (e.g., August 10 in Figure 3) may be 
significant. 

For the nonoptical paths BC, AD, and BD the 
standard level is 20, 37, and 79 db below free space 
level, respectively, for S band. The corresponding 
figures for X band are 28, 53, and 113 db. The’stand- 
ard level is shown in Figure 2, and in Figure 3 for 
paths BC and AD; for path BD it is over 30 db below 
the receiver threshold. While it is rare, during the 
summer months, for the level to remain near stand- 
ard for a large fraction of the time (in February, 
however, the AD level was within 2 db of standard 
for about 25 per cent of the‘time), the minima of 
the major signal variations usually lie within about 
=£5 db of the standard level except (1) during runs 
of particularly good weather and (2) during fogs 
conditions which are likely to be associated with a 
substandard index gradient. Striking examples of the 
latter occurred on June 4, 5 (Figure 2) and August 
10, 11 (Figure 3). On the last occasion the BC level 
went about 20 db below standard. 

The X-band results for the 57-mile paths are gen- 
erally similar to those for S band as regards the major 
variations, but the range of variation is noticeably 
larger, particularly on paths BC and AD, which are 
not mueh Jonger than optical range; the increase in 
range of variation for these pathis is of the same order 
as the difference in standard level for the two wave- 
lengths. In general, short-period variations are larger 
and more rapid for the shorter wavelength. 

Figure 4 shows the results for both S and X bands 
over the 200-mile paths AE (high stations) and BF 
(low stations) for part of the same period as shown 
in Figure 3. Atter allowing for the estimated atmos- 
pherie absorption (6 db for S, 16 db for X) the free 
space levels are similar for the two wavelengths, ex- 
perimental uncertainty being appreciably greater at 
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“general” level, which is in fact that obtained under 
“well-mixed” meteorological conditions. 

Further details of the path and a discussion of the 
results in relation to general meteorological conditions 
over the path have been given in two National Physical 
Laboratory reports,*°* which cover the first year’s 
operation. A further report is in preparation. The aim 
hete is limited to a general description of the type 
of results obtained, with examples of some character- 
istic signal records. 

Figure 5 gives a plot of hourly mean level for March 
1944 which clearly shows the two main characteristics 
of the signal: the reasonably constant general level 
and the regular diurnal cycle which occurs with radia- 
tion nights. The period March 21 to 26 is typical of 
an undisturbed run of clear nights; note the period 
of marked substandard signal in the early morning of 
March 27%, indicating that condensation near the 
ground has reduced the water vapor content there suffi- 
ciently to make the lapse rate negative. Intermittent 
rain in bad weather periods usually gives a more vari- 
able level than cloudy weather with no precipitation ; 
a small rise in level is often observed with continuous 
rain (direct effects of rain on the equipment have been 
carefully guarded against and may be assumed negli- 
gible) and a more marked rise with clear skies in 
daylight following rain. These effects are readily ex- 
plicable in terms of changes in water vapor distribu- 
tion. 

The work of the past 6 months (Summer 1944) has 
shown a definite correlation of high level at night with 
temperature inversion whether with clear or with 
variable skies; on the other hand, clear or variable 
skies with no temperature inversion (e.g., with incom- 
ing cold air) show no night peak of signal. In general 
the increase of level on an initially clear night is 
arrested by the development of low cloud or of fog. 
Double maxima are often observed in the night peaks 
(e.g., March 15 in Figure 5). 

The magnitude of the peaks on radiation nights is 
usually 5 to 10 db; it can occasionally reach 15 to 
20 db particularly in summer. It seems very probable 
from the geometry of the path that earth-reflected rays 
play little part, at least for moderate degrees of bend- 
ing. It is therefore reasonable to seek to explain the 
larger variations as resulting from increasing ray 
curvature. In terms of the rough estimate mentioned 
above, a change from standard to “flat earth” condi- 
tions would give an increase in level of the order of 
10 db, which is a typical figure for the observed rise 


on an undisturbed radiation night. It is of interest to- 


note that free space level is never reached on this 
path; the highest instantaneous level reached is 10 to 
12 db below free space. In other words complete, or 
nearly complete, reflection regions do not exist at 
heights of the order of 1,000 ft or more (required to 
“clear” the barrier) over this path. This is in line with 
the observed lack of any effect of high inversion on the 
signal level. 


Overland Measurements: Whitwell 
Hatch to Wembley 


A single S-band link has been in continuous opera- 
tion oyer this 38-mile path since March 1943. Its 
terminals, with the transmitter in one of the Ad- 
miralty Signal Establishment buildings and the re- 
ceiver at General Electric Company Research Labora- 
tories, -were chosen for operating convenience rather 
than to meet any special requirements for the path, 
‘as an important subsidiary purpose was to provide for 
controlled long-period tests on equipment developed 
for use in the less readily accessible stations of the 
Trish Sea program. Apart from routine checks the 
equipment normally operates unattended; automatic 
frequency control at the reeeiver has been in operation 
since June 1943. But the receiver is provided with a 
relay-operated alarm which can be set to operate on au 
abnormal change of received level in either direction 
(normally downwards) and this has proved valuable 


491 


in calling attention to both faults and unusuai propa- 
gation conditions. 

The transmitter is an a hill 725 ft above sea level 
and the path runs northwards across the Thames 
valley and the western outskirts of London to the 
receiver, which is only 170 ft above sea level, in low, 
undulating, built-up country. For standard conditions 
the path is clear except for the last mile where trees 
and houses form a barrier elevated about 12 degree 
above the ray path. This introduces a local diffraction 
loss at the receiver which has been estimated roughly 
at about 30 db. This estimate is necessarily an un- 
certain one, both because of the complexity of the 
ceal barrier (which is approximated as one or more 
opaque straight edges) and because of possible sea- 
sonal variations. 

Seasonal variations in general signal level have been 
observed with a maximum in late summer of the order 
of 10 to 15 db higher than the single winter minimum 
recorded so far. An attempt to explain this variation 
in terms of changes in the horizontal plane diffraction 
pattern of part of the barrier with varying opacity of 
the tree background does not appear to be supported 
by the results of the past few months (Summer 1944). 
The mean level for the whole period is, however, close 
to 30 db below free space (52 db above 1 py receiver 
input) and is thus at least of the same order of mag- 
nitude as the estimated standard level. The unfor- 
tunate effect of this uncertainty regarding standard 
level is mitigated to a considerable extent by the fact 
that a land path of this kind gives an easily definable 
X band as regards absolute values. The standard 
levels are, of course, far below the receiver threshold, 
actually about 275 db for path AF on S and 490 db 
for path BF on X. 

The most striking characteristic of the results is 
perhaps the similarity in magnitude of the signals 
both for the two paths and for the two wavelengths. 
In general, signals are measurable for a greater frac- 
tion of the time on the longer wavelength and for 


‘the higher sites. (The difference of about 5 db in re- 


ceiver threshold sensitivity between S and X has only 
a slight effect on this.) At the peak of good periods 
the lower sites and shorter wavelengths sometimes 


reach rather higher levels, as in the case of the 57- 


mile paths the maximum signal level is frequently 
comparable with free space; rather rarely it exceeds 
free space level by something of the order of 10 db. 
For the 200-mile path the possible error in the esti- 
mate of atmospheric absorption is rather more serious, 
particularly for X band, but it seems improbable that 
this could alter the general character of the results. 
Comparison with the results for the 57-mile BD 
path in the bottom record of Figure 3 is interesting 
and is reasonably typical of the extent to which the 
performance of the long path can be predicted from 
the performance of the shorter one. It should be era- 
phasized that this was a period of good summer 
weather apart from the break on August 10-11. 
Figures 6, 7, and 8 show photographs of sections 
of the original signal records illustrating the main 
types of signal which are observed. The type of weather 
involved is shown on the record in each case, also the 
signal calibration. Figure 9 shows a good example of 
an effect which is quite often observed, particularly 
in the latter part uf radiation nights. It consists in a 
regular variation showing the characteristic rounded 
maxima and sharp minima of interference fading. This 
is in some cases superimposed on a nearly steady high 
signal (as in Figure 9). In other cases, as in some fog 
fades, it is superimposed on variations of a different 
type. It often starts and stops suddenly, completely 
changing the character of the record while it lasts, and 
that time ranges from one or two fading cycles to many 
cycles. This sort of effect has also been observed on 
other paths, over sea as well as land. : 
The striking thing about patterns of this sort is that 
they often correspond to reflection coefficients for the 
interfering ray which approach unity. In Figure 9 
the reflection coefficient calculated from the pattern 
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is about 0.8 at the start, about 0.4 in the middle, and 
over 0.9 at the end. It is suggested that reflection at 
small glancing angles from a sharp inversion top pro- 
vides a possible explanation and that the first part 
of the pattern in Figure 9 corresponds to an increase 
in height (the first deep minimum occurring when 
the inversion top is just above the transmitter) and 
the latter part to a decrease in height at a different 
rate. The rates of climb and fall turn out to be about 
200 ft per hour and 300 ft per hour respectively. No 
local soundings are available to check this hypothesis, 
But the calculated rates of change of height are quite 
possible. 

The general meteorological data for the night (illus- 
trated in Figure 9) are as follows: cloudless, follow- 
ing a fine day ; temperature inversion of about 6 F in 
(approximately) the first 500 ft at 0600 GMT ; ground 
mist about dawn. It is clearly desirable to obtain ade- 
quate soundings at periods when this type of effect is 
observed, especially on account of the widely held view 
{hat the index changes which occur at heights of the 
order involved (about 500 ft above ground level) are 
inadequate to account for reflection coefficients of the 
size implied by the pattern observed here. 


Difficulties of Existing Theory 


In this section a few general characteristics of the 
radio observations which appear to be at variance with 
previous theoretical conclusions will be summarized 

1. The most obvious point as far as the Irish Sea 
data are concerned is the failure of the soundings to 
provide an adequate guide to the signal variations. The 
fault may lie in the limited nature of the soundings or 
in the method of interpreting them, but it is clear that 
the problem is by no means as simple as was supposed 
when the soundings were started. 

2. The minimum levels obtained (where they are 
high enough to be measured) usually agree tolerably 
well with the expected values. For the Irish Sea paths, 
as well as in other measurements, the maximum level 
rarely goes above that calculated for flat-earth condi- 
tions; this level is practically the same as that for 
free space conditions for all the Irish Sea centimeter 
links except for paths BF on S band (only) where 
there is a difference of about 10 db. If complete guid- 
ing were a common phenomenon over paths of the 
lengths actually used, it would appear that levels above 
free space should oceur much oftener and more con- 
tinuously than is observed. It appears to be a useful 
working assumption that the level obtained under 
favorable conditions over nonoptical paths is nearly 
that calculated for rays with the same curvature as 
the earth. 

3. The fact that the Irish Sea results show that (for 
centimeter waves) the advantage lies only rarely with 
the smaller heights and shorter wavelengths suggests 
that the importance of complete guiding as a criterion 
for siting stations may have been overemphasized. 

4. The good correlation obtained in a number of 
eases between land-sea temperature difference and 
signal level suggests that the importance of tempera- 
ture may be greater than is indicated by existing 
theory. 

5. It appears very difficult to account for the max- 
imum levels reached on the basis of existing theory. 

6. The interference patterns of the type discussed 
still await an adequate explanation. 


PROPAGATION WORK 
AT THE NATIONAL PHYSICAL 
LABORATORY? 


Analysis and Study of Centimeter and 
Meter Wave Propagation over Sea 
(Irish Sea Experiment) 


This project utilizes the results of radio transmis- 
sions being conducted between two sending stations 


>By W. Ross, British Central Scientific Office. 
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in South Wales and receiving stations in North Wales 
and Scotland, jointly by the Admiralty, Ministry of 
Supply and Air Ministry. 

The contribution of the National Physical Labo- 
ratory to the installations being used for this investiga- 
tion’ has been chiefly connected with the monitoring 
equipment used at both sending and receiving stations 
to insure that the radiation from the former and the 
sensitivity of the latter are maintained constant, so 
that any variations on the field strength records are 
known to be due to transmission effects in the atmos- 
phere: The instruments required for the S band are in 
an advanced state of production, while for the X band 
the necessary field strength meter for the transmitters 
has been developed, but some development work is 
still required on the standard radiator for the receiver 
calibration. In accordance with a recent agreement as 
to the limitation of the scope of the investigation, all 
work on instruments for other wavelength bands has 
been put in abeyance. 


Study of Centimeter Wave 
Propagation over Land (Whitwell 
Hatch to Wembley) 


A transmitter operating on a wavelength in the S 
band has been installed at the Admiralty Signal Es- 
tablishment, Whitwell Hatch, and a continuous record- 
ing is being made of the field intensity of the radiation 
received at the Research Laboratories of the General 
Electric Company, Wembley, over a land path of 38 
miles. Except for some houses and trees within about 
5 miles of the receiver, the path is a clear optical one; 
originally the transmitter was also partially obscured 
by some trees, removal of the tops of which produced 
a rise in received field of 10 db. Field strength re- 
cording has been in progress over this link since 
March 1943, and during the intervening 18 months 
there has been a seasonal variation, with the average 
daily value in November and December at least 10 db 
below the value in July and August. Two reports*®’7 
have already been issued on the results obtained from 
an analysis of the records, and a third will be pre- 
pared shortly. 

Among the main conclusions so far reached are the 
following. Cloudy weather, either by day or night, 
tends to produce a signal steady to within about 2 db, 
while on days of clear and variable skies, the signal 
exhibits slow (period 5 to 10 minutes) fluctuations. of 
the order of 3 or 4 db, with sharper and more rapid 
fluctuations superposed. These rapid fluctuations are 
accentuated by the presence of strong wind. On nights 
of clear or variable skies with temperature inversions 
near the ground, the field intensity is from 5 to 10 
db above the daytime level and is usually accompanied 
by variations in the absence of wind. On clear radia- 
tion nights, when the wind is too strong to permit the 
development of a temperature inversion, the peak of 
signal intensity does not occur. Fog affects the field 
strength differently according to its depth. A shallow 
autumn fog causes a sharp decrease in signal strength, 
while the widespread and more established type of fog 
experienced in winter may sometimes cause marked 
interference type of fading with unusually high peak 
values and at other times may have no apparent effect 
on the field strength. 

The sending and receiving stations on this link are 
now being equipped with field strength monitoring 
arrangements to improve the overall accuracy of the 
radio recording, and a daily statement of the meteoro- 
logical conditions over the path is being supplied to 
supplement the ground station records already avail- 
able. It is contemplated that this link should remain 
in operation for a further period of 6 to 12 months. 


FADING IN A LINE-OF-SIGHT 
EXPERIMENT IN ENGLAND: 


This experiment was carried out between Aberporth, 
South Wales, and the summit of Mt. Snowdon (3,600 


°By F. Hoyle, Ultra Short Wave Panel, Ministry of Supply, 
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ft). The transmitters were mounted at a height of 
120 ft above sea level at Aberporth, the receivers being 
on Mt. Snowdon. The length of path was about 60 
miles as compared with 85 miles optical range. 

Two separate radio circuits were used, one on a 
wavelength of 9 cm and the other on 10 cm. For a 
standard atmosphere the phase difference between the 
ray reflected from the sea and the direct ray was about 
4.5 radians on 10 cm and about 5 radians on 9 em, 
while under “flat earth” conditions the corresponding: 
phase differences were about 12 radians and 13 radians 
respectively. As the atmospheric conditions varied, an 
interference pattern was obtained arising from varia- 
tions in the phase difference. The chief characteristic 
of the interference pattern was that in a plot of radio 
signal strength against time the peaks are broad and 
flat and the minima are sharp and deep. The provision 
of the two circuits insured that the variations due to 
alterations in the phase difference could easily be 
distinguished from yariations due to other causes 
(described below). The reason for this is that the 
interference minima on one circuit tend to occur at 
times when the signal strength is high on the other 
circuit. 

The length of time required for the radio signal 
strength to complete a cycle of the interference pat- 
tern was usually about 2 hours. The receivers and 
transmitters were very carefully calibrated in order 
to show that the received field strength at interference 
maximum was equal to twice the free space field. This 
result was established to within an accuracy of +2 db. 

For about 20 per cent of the time (June 1, 1944 to 
September 30, 1944) the normal interference pattern 
was replaced by an entirely different form of signal 
fading. The period of the fading was about 5 minutes, 
the field strength at maximum was usually between 
10 and 12 db above the free space signal, and the 
peaks of signal were sharp and the minima broad. The 
latter characteristic is entirely different from interfer- 
ence fading between two rays which must lead to 
broad peaks and narrow minima; it is more akin to 
receiver noise or the form of the signal echo received 
from “window” on radar sets. Thus it would seem 
plausible to suppose that the signal was the result of 
a large number of contributions with uncorrelated 
phases. 

The type of fading described in the previous para- 
graph is especially interesting in view of the very high 
signal maxima. It was shown that the occurrence of 
these variations was not associated with the reflection 
at the surface of the sea. It would appear therefore 
that atmospheric conditions can exercise a very im- 
portant effect on the propagation of radio waves over 
a completely optical path. 


TEMPERATURE EFFECTS ON 
NONSTANDARD RANGES‘ 


Experimental work carried out in the Irish Sea has 
shown the following three characteristics, all of which 
are in disagreement with existing theory. 

1. It is well known that the present theory requires 
the contribution of the temperature gradient to be in 
general small compared with the contribution of the 
water vapor gradient. In fact if we write 


dp de aT 
where » = refractive index, 

e = partial pressure of water vapor, 

T = temperature in degrees absolute, 

h = height coordinate, 

a,b are positive constants, 


then except in rare cases the present theory requires 
the (a) (de/dh) term to be large compared with the 
(b) (d2'/dh) term. Thus, since the radio propagation 


aBy F. Hoyle, Ultra Short Wave Panel, Ministry of Sup- 
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conditions depend on du/dh, it is to be expected that 
a better correlation will exist between the radio signal 
and the measured value of (@)(de/dh) than between 
the radio signal strength and the measured value of 
(—b) (dT /dh) 
to be the case; the correlation between the radio signal 
strength and the measured value of (a) (de/dh) is 
poor, while the correlation with the measured value of 
(—b) (dT/dh) is good. 

2. A situation similar to that mentioned in (1) has 
been encountered in attempting to forecast 12 hours 
ahead for operational radar sets. Table 1 summarizes 
the results obtained. 

The continuity method of forecasting consists in pre- 
dicting that tomorrow’s conditions will be the same as 
those observed today. Forecasting from the (d7’/dh) 


. The reverse has, however, been found 


APPENDIX 


term was empirical, it being assumed that a tempera- 
ture inversion of 1.5 © per 100 ft would give very good 
propagation conditions, an inversion of 0.75 C per 
100 ft would give good conditions, and a temperature 
lapse would correspond to standard or natural condi- 
tions. 

The value of du/dh calculated from equation (1) 
using the measured values of de/dh and d7/dhk are too 
small to explain the large signals’ frequently observed 
on a wavelength of about 80 me. 

These experimental results enable the following 
conclusions to be drawn so far as the meteorological 
conditions around the British Isles are concerned. 

1. The radio signal strengths computed from the 
observed M curve do not agree with observation. The 
method of observing the temperature and water vapor 
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gradients to obtain an M curve is therefore unsatisfac- 
tory. 

A reasonably satisfactory forecasting system can 
be obtained on the basis of temperature gradient alone. 
This system is empirical and does not depend on com- 
plicated mathematical computations. Accordingly the 
system may be suitable under operational conditions.® 

* Since November 1944 the Group at San Diego has 
found a good correlation. between the radio data and a simple 
meteorological parameter based on temperature excess. In the 
British Isles the temperature excess has to be taken between 
a height of about 200 ft and sea level, whereas at San Diego 
the temperature excess has to be taken between a height of 
about 5,000 ft and sea level. It has also been reported that in 
the Pacific Area temperature excess is by far the best index 
for predicting radio propagation conditions. There is some 
hope, therefore, that it may be possible to work out a method 


of fairly universal application on the basis of temperature 
excess, 
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Tase 1. Statistics of S- and X-band transmission in TABLE 2. Statistics of S- and X-band transmission in 
summer. the fall. 
Percent of Per cent of Per cent Per cent of | Per cent of Per cent 
time above __ time below of time time above _ time below of time 
Date standard standard standard Date standard standard standard* 
July 10-16 63 36 1 Sept. 25-Oct. 1 S 58 15 Def) 
Aug. 21-27 97 3 0 x 80 10 10 
Aug. 28-Sept. 3 80 15 5 Oct. 16-22 8 76 2 22 
xk 92 0 8 


*By this term is to be understood the percentage time in which the signal is + 2.5 db of standard on S band and + 5 db on X band 
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Ficure 3. Signal types at 256 cm (117 me). 
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Ficure 5. Relation between signal strengths at high 
and low receivers. 
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RANGE IN STATUTE MILES 
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Ficure7. Relation between one-way and radar trans- 
mission, Race Point to Eastern Point. 
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Ficure 8. Relation between maximum radar ranges 
and one-way transmission. 
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Figure 9. Transmission path profiles. (Heights in feet.) 
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Figure 11. Theoretical field strength versus duct 
height, bilinear index, first mode, 117 me. 
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Ficure 2. Soil and air temperatures at Datelan, December 16 to 17, 1944. 


| 
t | 
BOBoa 
u | 
vy 


504. APPENDIX 
TABLE 1 
Signal Signal 
Time below Time first 
of detection, Soil of | detected, Soil 
Date | sunrise time Cloud condition temperature | sunset | time Cloud condition temperature 
12/13) 0653 1655 Few cirrus 1800 
Ne pV PB A DAO INE DO INI Rca INE Pe | AR 13C 
12/14| 0654 0845 0800 0800 1656 1615 1730 2000 
Clear 3.1C Overcast 9.0C 
Altostratus 
Cirrostratus 
12/15| 0655 0945 0800 Scattered low clouds 0800 1656 1715 1600 1700 
Scattered middle clouds 2.0C Scattered cirrus 19.4C 
Scattered altostratus 
12/16] 0655 0925 0800 0900 1656 1725 1700 1700 
Overcast 6.4C Scattered cirrus 19.3C 
High cirrus 
12/17| 0656 0940 0900 0900 1656 1730 1700 
Scattered cirrus 5.3C Few cirrus 17.9C 
12/18) 0656 0950 0900 0900 1657 1738 1700 2000 
Clear 6.0C Scattered cirrus and 8.5C 
altostratus 
12/19) 0657 0923 0900 0900 1657 1628 1700 1630 
Clear 8.8C Scattered cirrus 20.8C 
12/20| 1658 0910 | 0900 0900 1658 
Clear 8.7C 
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Ticure 3. Typical field strength and modified index curves, December 16 to 17, 1944. 
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Figure 10. Mean sounding during high winds. 
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Fiaure 15. Effective M-curve slope versus wind speed. 
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10-1! APRIL, 1945 
TRANSMITTING ANTENNA 
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Ficure 20. Composite X-band run field strengths. 
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Ficure 1. General view of the equipment in Aberdaron, North Wales. 


TABLE 1 
Station Height, ft 

S. Wales (transmitters) 

A. Garn-Fawr 540 

B. Strumble Head 90 
N. Wales (receivers) 

C. Rhiw 825 

D. Aberdaron : 95 
Scotland (receivers) 

BE. Knockharnahan 375 


F. Portpatrick 95 
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Figure 3. Signal strength in decibels above 1 uv receiver input. I'S: Free space signal. STD: Standard signal. 
SL: Sensitivity limit. 
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Ficure 4. Hourly mean values of signal strength on S and X band. 
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Ficure 8. Signal records. (F) August 25, 1944, dip in record coincides with low mist. (G) August 14, 1944, shows effect of low fog. 
(H) January 15, 1944, typical for widespread, thick fog. 
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Ficure 9. Signal record. August 26 to 27, 1944, showing examples of interference fading 
in radiation nights. 


TABLE 1 
Forecasting No. of cases % of correct 
system examined forecasts 
(de/dh) term 600 56 
Continuity method 600 57 


(dT /dh) term 150 75 


Jeb 
HA. 


GLOSSARY 


1) Radius of the earth 
2) Radius of scattering plate, sphere, or cylinder 
Gain factor = ApAp 
Gain factor for doublet antennas in free space, 
adjusted for maximum transfer of power = 
8\/87d 
Plane-earth factor 
Path-gain factor 
Gain-factor curve parameter 
di — ad, 
dat a; 
Bandwidth 
1) Velocity of light in free space 


nthe 

Real part of Fresnel’s integral 

Distance from center of transmitting antenna to a 
point in space measured along earth surface 

Free-space distance for field of strength H 


: f d 
Normalized free-space distance = aa 


Distance from transmitter, receiver to reflecting 
point measured along the earth’s surface 

Distance from transmitter, receiver to the radio 
horizon measured along the earth’s surface 

Line of sight distance measured along the earth’s 
surface = d7 +dp 

Maximum radar range 

1) Divergence factor for spherical earth 

2) Aperture of reflector 


1) Water-vapor pressure 

2) Coefficient for height-gain function 

Electric-field strength 

Maximum free-space field strength of a doublet 
transmitter at distance d 

Radiation field strength at one meter from trans- 
mitter 

1) Frequency 

2) Focal length of paraboloid reflector 

Cutoff frequency of a wave guide 

Height-gain function 

Height-gain function for the n** mode 

Fraction of maximum radiation field strength in the 
direction of direct, reflected rays 

Noise figure 


Shadow factor for all modes 

1) Receiver gain 

2) Exponential factor of height-gain function for! 

elevated antennas ; 

Correction to g(2) 

Transmitting antenna gain 

Receiving antenna gain 

Radar gain of a target 

Height above grouna 

Height of transmitter, receiver above ground 

Height of transmitter, receiver above tangent plane 
at point of reflection 

Critical height distinguishing high and low antennas 
located in diffraction region = 30A2/8 

Virtual height of obstructing screen 

1) Magnetic field strength 

2) Height of a reflecting or diffracting obstruction 

Height-gain function for low antennas 

Hour angle of the sun 


Fe 


GH 


vd. 


RMS current 

Input current to antenna or circuit 

vaa 

1) Boltzmann’s constant 

2) Factor multiplying earth’s radius to account for 
atmospheric refraction 

1) Amplitude of generalized reflection coefficient 

2) Echo constant of a target 

1) Length of a doublet 

2) Height coefficient to include effect of earth’s 
constants and wavelength 

1) Effective length of a doublet 

2) Characteristic length or scattering coefficient of 
a target 

3) Radar length of a target 


1) Ratio of radius of curvature of a ray to the radius 
of the earth = p,’a: 
da? 
2) ™ = hah + hs) 
Modified index of refraction 
1) Index of refraction 
2) Number of elements in an antenna array 
Lobe numbers 
Lobe variable for imperfect reflection 
Noise figure 
1) Total pressure of the atmosphere 
2) Dimensionless parameter = d,/dr 
Distance coefficient to include earth constants 
Power 
Power output of a transmitting doublet 
Power delivered by a receiving doublet to a matched 
load 
Minimum power detectable by a receiver 
Noise power 
Power received by load circuit of receiying antenna, 
Scattered power 
Dimensionless parameter = d2/d 
Parameter determining phase of beam reflected by 


&r 
the earth = Ean 
1) Distance from center of antenna to a point in 
space (usually replaced by d in applications) 
2) Height wavelength factor 
3) Pattern or chart parameter 
4) Path length of reflected ray 
Path length of direct ray 
1) Resistance 
2) Plane-earth reflection coefficient = pew 
3) Path-difference parameter = (kaA)/(hidT) 


Resistive component of antenna impedance 
Relative humidity in per cent 

Resistive component of load impedance 
Radiation resistance of an antenna 


1) Spacing between dipoles in an antenna array 
2) Coefficient of distance for shadow factor 
3) Dimensionless coordinate = d;/d 

1) Scattering cross section 

2) Area 

Imaginary part of Fresnel’s integral 

1) Time 

2) Pulse width 

3) Degrees centigrade 

Absolute temperature 

Dimensionless coordinate = he/hi 


GLOSSARY 


1) Velocity of wav» propagation = c/n 

2) Argument of Fresnel’s integral 

8) Dimensionless parameter = d/d7 

Voltage 

Noise voltage 

Power per unit area 

Incident power per unit area 

Scattered power per unit area at the receiver 

Amplitude of ratio of diffracted field to free-space 

field 

Impedance 

Antenna impedance 

Load impedance 

1) Attenuation constant, real part of propagation 
constant 7 

2) Angle made by ray with the horizontal 

Angle of elevation of diffracting edge as seen from 
transmitter, receiver 

1) Bearing of the sun 

2) Phase constant, imaginary part of propagation 
constant 

Angle between ray from transmitter, receiver, and 

horizontal at diffracting edge 

1) Propagation constant = a + 78 

2) Angle between horizontal at base of transmitter 
and line joining transmitter base to receiver 


~ Angle between the direct ray and the horizontal at 


the transmitter 
1) Declination of the sun 


2) Angle of phase retardation due to path-length 


difference between direct and reflected rays 

3) Ground parameter depending on complex dielec- 
tric constant 

Path-length difference between direct and reflected 

rays =r — 74 

= (2hih2)/d 

Correction factor for Ap 

Bandwidth 

Variable used in diffraction region 


€0. 


Wa. 
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Dielectric constant of free space 
1 
= 8.854 x 10-27 =—— 10-* 
5 367 


Complex dielectric constant = ¢ — je; 
Imaginary part of dielectric constant = 600A 
Real part of dielectric constant 


1) Phase-angle lag due to diffraction 

2) Dimensionless distance variable for curved-earth 
diffraction 

1) Angle between horizontal at transmitter base 
and horizontal at point of reflection 

2) Angle of tilt of scattering cylinder 

Wavelength 


Permeability of free space = 4710-7 
Permeability relative to free space 

Angle between reflected ray and horizontal at trans- 
* mitter 

1) Radius of curvature 

2) Amplitude of reflection coefficient 

1) Conductivity 

2) Radar cross section 

1) Complex mode numbers 

2) Half beam-width angle 


1) Phase angle of reflection coefficient 

2) Latitude 

= —7 =phase angle of reflection coefficient 
relative to a perfect reflector 

Distance function for the first mode 


1) Phase-angle difference between currents in 
dipole-antenna array 
2) Angle between direct or reflected ray and the 
horizontal at the reflection point 
3) Height variable in the diffraction region 
Angle between direct ray and horizontal at reflec- 
tion point 


Angular velocity = 27f 
Total phase lag between direct and reflected rays 
=$'+6=o¢-7+6 


iS) 


iS 
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Various Meteorological Conditions, Pearl J. Rubenstein, 
I. Katz, L. J. Neelands, and R. M. Mitchell, OK Msr-262, 
Division 14 Report 547, RL, June 13, 1944. CP-311-M4 


. Meteorological Equipment for Short Wave Propagation 


Studies, Walter M. Elsasser, Report WPG-3, CUDWR, 
August 1944. 


. Atmospheric Refraction, A Qualitative Investigation, Lloyd 


J. Anderson, F. P. Dane, J. P. Day, R. F. Hopkins, L. G. 
Trolese, and A. P. D. Stokes, BuShips Problem X4-49CD, 
Report WP-17, NRSL, Dec. 28, 1944. CP-222-M9 
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. Transmission of Plane Waves Through a Single Stratum 


Separating Two Media (Part II), John B. Smyth, BuShips 
Problem X4-49CD, Report WP-13, NRSL, June 23, 1944. 
CP-221-M9 


. Proceedings of the Institute of Radio Engineers, R. C. 
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. Procedure and Charts for Estimating the Low Level Coverage 
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nounced Refraction, F. R. Abbott, Lloyd J. Anderson, 
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CP-612.5-M1 


ARIZONA 


New Theoretical Consideration on the Dielectric Properties 
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. Reviews of Progress of Ultra Short Wave Propagation Work, 
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CP-110-M3 


. Reviews of Progress of Ultra Short Wave Propagation Work, 


Part III, Microwave Propagation Research at the Signals 
Research and Development Establishment, OSRD 3156-7, 
Report AC-7019, USWP, Sept. 26, 1944. CP-110-M4 
Reviews of Progress of Ulira Short Wave Propagation Work, 
Part IV, Correlation of Radar Operational Data unth 
Meteorological Conditions, OSRD WA-3156-8, Report 


BIBLIOGRAPHY 


514 


10. 


11. 


12. 


13. 


14, 


15. 


16. 


17. 


AC-7020, AORG Report, USWP, Sept. 28, 1944. 
CP-110-M5 


. Reviews of Progress of Ultra Short Wave Propagation Work, 


Part V, Progress Report on Forecasting of Radar Conditions, 
OSRD 3156-9, Report AC-7021, DMO-USWP, Oct. 2, 
1944. CP-110-M6 


. Reviews of Progress of Ultra Short Wave Propagation Work, 


Part VI, Vertical,Temperature and Humidity Gradients at 
Rye, OSRD WA-3156-10, Report AC-7022, DMO-USWP, 
Oct. 2, 1944. CP-110-M7 


. Reviews of Progress of Ultra Short Wave Propagation Work, 


Part VII, The Use of Radar for the Detection of Storms, 
OSRD WA-3156-11, Report AC-7023, DMO-USWP, 
Oct. 2, 1944. CP-110-M8 


. Reviews of Progress of Ultra Short Wave Propagation Work, 


Part VIII, Present States of Theoretical Study of Radio 
Propagation Through the Troposphere by the Mathematics 
Group, Telecommunications Research Establishment, OSRD 
WA-3156-12, Report AC-7024, Oct. 2, 1944. CP-110-M9 


. Reviews of Progress of Ultra Short Wave Propagation Work, 


Part IX, Review of Short-Period Experimental Studies of 
Centimeter Wave Propagation, Carried Out Jointly by 
Admiralty Signal Establishment, Signals Research and 
Development Establishment, and General Electric Company, 
E. C. S. Megaw, OSRD WA-3156-13, Report AC-7025, 
USWP, Oct. 16, 1944. CP. 110-M10 


Reviews of Progress of Ulira Short Wave Propagation Work, 
Part X, Study of Centimeter Wave Propagation over 
Cardigan Bay to Mount Snowden, F. Hoyle, O9SRD WA- 
3157-1, Report AC-7026, USWP, Oct. 14, 1944. 
CP-110-M11 


Reviews of Progress of Ultra Short Wave Propagation Work, 
Part XI, Study of Reflection Coefficient of the Sea at Centi- 
meter Wavelengths, F. Hoyle, OSRD WA-3157-2, Report 
AC-7027, USWP, Oct. 14, 1944. CP-110-M12 


Reviews of Progress of Ultra Short Wave Propagation Work, 
Part XII, Some K-, X-, and S-Band (Llandudno) Trials, 
General Summary of the Experimental Results Obtained 
which are Concerned with the Dependence of Radio Propa- 
gation on Meteorological Conditions, OSRD WA-3157-8, 
Report AC-7028, TRE and RRDE Report, USWP, 
Oct. 14, 1944. CP-110-M13 


Reviews of Progress of Ulira Short Wave Propagation Work, 
Part XIII, Progress Report on 369 Trials by DNMS, 
OSRD WA-3156-1, Report AC-7029, USWP, Oct. 14, 
1944, CP-110-M14 


Reviews of Progress of Ultra Short Wave Propagation Work, 
Part XIV, Survey of Progress in the United Kingdom on the 
Electromaanetic Theory of Tropospheric Propagation, OSRD 
WA-3157-4, Report AC-7030, RRDE-USWP, Oct. 16, 
1944, CP-110-M15 


Reviews of Progress of Ultra Short Wave Propagation Work, 
Part XV, Study of Meteorological Factors Responsible for 
the Refractive Structure of the Troposphere, OSRD WA- 
3157-5, Report AC-7031, RRDE-USWP, Oct. 16, 1944. 

CP-110-M16 


Centimeter Wave Propagation over Land, Preliminary Study 
of the Field Strength Records Between March and Sept., 1943, 
R. L. Smith-Rose and A. C. Stickland, OSRD WA-1514-6, 
Report RRB/S-13, DSIR, Nov. 15, 1943. CP-333-M1 


Centimeter Propagation over Land, A Study of the Field 

Strength Records Obtained During the Year 19438-1944, 

Report RRB/S-18, NPL-MO DSIR, May 11, 1944. 
CP-224-M11 


BIBLIOGRAPHY 


VOLUME 1 


Inauiries concerning the availability of microfilmed*and other reference material should be addressed to the 
War Department Library, Room 1A-522, The Pentagon, Washington 25, D.C., or te the Office of Nayal 
Research, Navy Department, Attention: Reports and Documents Section, Washington 25, D. C. 


1. Notes on Microwave Propagation Conference at MIT, 61. [Part] XII, Some K-, X-, and S-Band (Llandudno) 


Radiation Laboratory, Division 14 Report 42, RL, Sept. 
24, 1943. CP-100-M1 
. International Radio Propagation Conference (held at Inter- 
service Radio Propagation Laboratory, from April 17 to 
May 5, 1944], Report IRPL-C61, National Bureau of 
Standards, June 1944. CP-100-M3 
. Report of Second Propagation Conference, February 10 to 
11, 1944 at the Empire State Building, New York, OEMsr- 
1207, NDRC CUDWR-WPG, February 1944. 
CP-100-M2 
. Scientific Investigations on Propagation Problems in the 
Southwest Pacific Area, F.W.G. White, OSRD II-5- 
6124(S), ATP [Australian Radio Propagation Com- 
mittee], July 24, 1944. CP-110-M1 
. The Air Defense System of the Near Islands, Thomas J. 
Carroll, Report OAD-55, U.S. Army Air Forces, Eleventh 
Air Force, OCSO, Operational Analysis Division, Aug. 
30, 1944. CP-202.1-M5 
. Reviews of Progress of Ultra Short Wave Propagation 
Work, (USWP]: 
6a. [Part] J, The Evaluation of Solutions of the Wave 
Equation for a Stratified Medium, D. R. Hartree, OSRD 
WA-2961-2, JEIA 5934, RDF 239, Report AC-7017, 
Sept. 26, 1944. CP-110-M2 
6b. [Part] I7, Statement of Work in Progress Relevant to 
Investigations of the Propagation of Radio Waves Through 
the Troposphere, R. L. Smith-Rose, OSRD WA-3005-2, 
Report AC-7018, NPL, Sept. 25, 1944. CP-110-M3 ° 


has been microfilmed 


515 


Trials, General Summary of the Experimental Results Ob- 
tained which are Concerned with the Dependence of Radio 
Propagation on Meteorological Conditions, OSRD WA- 
3157-3, Report AC-7028, TRE and RRDE, Oct. 14, 1944. 
CP-110-M13 
6m. [Part] XIII, Progress Report on 369 Trials by Di- 
rector, Naval Meteorological Service, OSRD WA-3156-1, 
JEIA 6466, RDF 240, Report AC-7029, Oct. 14, 1944. 
CP-110-M14 
6n. [Part] XIV, Survey of Progress in the United Kingdom 
on the Electromagnetic Theory of Tropospheric Propagation, 
OSRD WA-3157-4, Report AC-7030, RRDE, Oct. 16, 
1944. CP-110-M15 
60. [Part] XV, Study of Meteorological Factors Responsible 
for the Refractive Structure of the Troposphere, OSRD WA- 
3157-5, Report AC-7031, RRDE, Oct. 16, 1944. 
CP-110-M16 


Report No. 1 of Project SWP-3.2 of the Office of Field 
Service, Paul A. Anderson and P. Squires, OEMsr-728, 
Research Project PDRC-647, Washington State College, 
Nov. 2, 1944. CP-335-M3 


. Data on Super Refraction Supplied by Australian Radar 


Stations, J. W. Reed, Report RP-229/1, CSIR-RL, Dec. 
6, 1944. CP-223-M11 


. Report No. 2 of Project SWP-3.2 of the Office of Field 


Service, Paul A. Anderson and P. Squires, ORMsr-728, 
Research Project PDRC-647, Washington State College, 
Jan. 7, 1945. CP-335-M3 


6c. [Part] IZI, Microwave Propagation Research at the 10. Third Conference on Propagation, Washington, D. C. [on] 
Signals Research and Development Establishment, OSRD November 16 to 18, 1944, NDRC CUDWR-WPG, 1945. 
WA-3156-7, JEIA 6464, Report AC-7019, SRDE, Sept. CP-100-M4 
26, 1944. ; CP-110-M4 11. Survey of Field of Radio Propagation and Noise with 
6d. [Part] IV, Correlation of Radar Operational Data with Special Reference to Australia, F. J. Kerr, OSRD II-5- 
Meteorological Conditions, OSRD WA-3156-8, JEIA 6463, 6572(S), JEIA 8641, Report RP-231, CSIR, Nov. 27, 
Report AC-7020, AORG, Sept. 28, 1944. CP-110-M5 1944. CP-110-M17 
6e. [Part] V, Progress Report on Forecasting of Radar 12. Fourth Conference on Propagation, Washington, D. C. [on] 
Conditions, OSRD WA-3156-9, JEIA 6462, Report May 7 to] 8, 1945, NDRC CUDWR-WPG, 1945. 
AC-7021, DMO, Oct. 2, 1944. CP-110-M6 13. Notes on Microwaves based upon a Series of Lectures by 
6f. [Part] VI, Vertical Temperature and Humidity Gra- W. W. Hansen, Samuel Seely and Ernest C. Pollard, 
hee o ae Coe eae! JELA ae ee Division 14 Report T-2, RL, Oct. 20, 1941. CP-201.1-M1 
y , Oct. 2, 3 = 4 : : 
6g. [Part] VIJ, The Use of Radar for the Detection of i ie ee Bet ements nae es ea Be 
Storms, OSRD WA-3156-11, JELA 6460, Report AC-7023, SMS Ut eeeatine 
DMO, Oct. 2, 1944. CP-110-M8 pS IE, TER _ CP-201.1-M2 
6h. [Part] VIII, Present States of Theoretical Study of 15. Electrical Communication Systems Engineering, General 
Radio Propagation, Through the Troposphere by the Mathe- Information, Technical Manual TM-11-486, U. S. War 
matics Group, TRE, OSRD WA-3156-12, JEIA 6459, Re- 2 SEER IPOD BA, CEE 
port AC-7024, TRE, Oct. 2, 1944. CP-110-M9 Superseded by TM-11-486, Apr. 25, 1945 and Electrical 
6i. [Part] 1X, Review of Short-Period Experimental Studies Communication Systems Equipment, TM-11-487, Oct. 2, 
of Centimetre Wave Propagation, Carried Out Jointly by 1944. 
ASE, SRDE, and GEC, E. C. S. Megaw, OSRD WA- 16. Anomalous Propagation and the Army, Thomas J. Carroll, 
3156-13, JEIA 6458, Report AC-7025, Oct. 16, 1944. Rapa CRA SES OCR 0, Wed, Wee Cree 
CP-110-M10 17. Principles of Radar, Staff of MIT Radar School, June 15, 
6j. [Part] X, Study of Centimétre Wave Propagation over 1944. CP-202-M1 
Cardigan Bay to Mount Snowden, F. Hoyle, OSRD WA- 18. Radar Performance Testing Manual, Manual 28, USAAF, 
3157-1, Report AC-7026, Oct. 14, 1944. CP-H0-M11 Second Edition, July 1944. CP-202.31-M1 
6k. [Part] XJ, Study of Reflection Coefficient of the Sea at 19. Effects of Site Conditions on Operation of Ground Radar 
Centimetre Wavelengths, F. Hoyle, OSRD WA-3157-2, Installations on Aerodromes, J. L. Putnam, OSRD WA- 
Report AC-7027, Oct. 14, 1944. CP-110-M12 4172-12, Report T-1805, TRE. CP-202.31-M2 
& Numbers such as CP-100-M11 indicate that the document 20. “The Diffraction of Electro-magnetic Waves from an 


Electrical Point Source Round a Finitely Conducting 


516 


21. 


22. 


23. 


24, 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


35. 


36. 


37. 


38. 


39. 


Sphere, with Applications to Radiotelegraphy and the 
Theory of the Rainbow,” H. Bremmer and Balth. Van 
Der Pol, The London, Edinburgh, and Dublin Philosophical 
Magazine and Journal of Science, 24, July 1937, Part I, 
pp. 141-176; Supplement, 24, November 1937, Part II, 
pp. 825-864; 25, June 1938, Part III, pp. 817-837; 27, 
March 1939, Part IV, pp. 261-275. 
Ultra Short Wave Propagation Curves, 0.1 to 10 Meters, 
OSRD WA-1502-1a, Marconi Handbook, Marconi, Ltd., 
Mar. 28, 1940. CP-211-M1 
Report on Signal Strength Curves Within the Visual Range, 
OSRD WA-1463-1, Pamphlet RD-456, Marconi, Ltd., 
November 1940. CP-211-M2 
“The Effect of the Earth’s Curvature on Ground-Wave 
Propagation,” Chas. R. Burrows and Marion C. Gray, 
Proceedings of the Institute of Radio Engineers, 29, Jan- 
uary 1941, pp. 16-24. CP-231.12-M5 
“Ultra Short Wave Propagation,” I. C. Schelling, Chas. 
R. Burrows, and E. B. Ferrell, Proceedings of the Institute 
of Radio Engineers, 21, March 1933, pp. 427-463. (See 
reference 447.) 
Propagation Curves for Wavelengths of 13 Meters, Supple- 
ment to U. S. W. Propagation Curves RD-456, Appendix 
RD-456A, Marconi, Ltd., November 1941. (See refer- 
ence 22.) 
“The Calculation of Ground-Wave Field Intensity over a 
Finitely Conducting Spherical Earth,’ K. A. Norton, 
Proceedings of the Institute of Radio Engineers, 29, Decem- 
ber 1941, pp. 623-639. 
Siting of Stations for Maximum Range, H. G. Booker, 
OSRD II-5-1183, Report M/36, TRE, Feb. 9, 1942. 
CP-231.11-M2 
Mucrowave Interference Patterns, J. A. Stratton, Division 
14 Report C-1, RL, Mar. 7, 1942. CP-232.1-M1 
Theoretical Field Strength of Ten-Centimeter Equipment 
over a Spherical Earth, H. G. Booker, OSRD WA-210-3), 
Report M/45/HGB, TRE, July 1, 1942. CP-231.12-M1 
Atmospheric Refraction and Height Determination by RDF, 
E. Eastwood, OSRD II-5-6511, JEIA 7773, Calibration 
Memorandum 54, RAF, July 6, 1942. (See refererice 63.) 
CP-211-M3 
Dependence of Range of Submarine Radar Equipment on 
Wave Langth, Case 20564, Chas. R. Burrows, Technical 
Memorandum MM-42-160-70, BTL, July 9, 1942. 
CP-212-M1 
Transmission on 3000 Mc. over Sea Water, J. A. Stratton, 
Division 14 Report C-2, RL, July 14, 1942. CP-232.1-M2 
Transmission on 100 Mc. over Sea Water, J. A. Stratton, 
Division 14 Report C-3, RL, July 14, 1942. 
CP-232.1-M3 


. Transmission on 200 Mc. over Sea Water, J. A. Stratton, 


Division 14 Report C-4, RL, July 14, 1942. 
CP-232.1-M4 
Transmission on 500 Mc. over Sea Water, J. A. Stratton, 
Division 14 Report C-5, RL, July 14, 1942. 
CP-232.1-M5 
Interim Report on Propagation Within and Beyond the 
Optical Range, C. Domb and M. H. L. Pryce, Report 
M-448, ASE, September 1942. 
Theoretical Ground Ray Field Strengths and Height Gain 
Curves for Wavelengths of 2 to 2000 Megacycles, OSRD 
II-5-5274, Technical Report 383, Section E, BRL, Sep- 
tember 1942. CP-211-M4 
Siting for Long Range Aircraft Detection, Thomas J. 
Carroll, Technical Report T-18, CESL, Revised Oct. 17, 
1942. CP-202.11-M1 
V.H.F. Field Strength Curves for Propagation within the 
Line of Sight, G. J. Camfield, OSRD WA-570-3, Report 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


51. 


52. 


53. 


54. 


55. 


56. 


57. 


58. 


BIBLIOGRAPHY 


Radio/279, Radio/s.2111/OPE 16, RAE, October 1942. 
CP-211-M5 
Relation of Radar Range to Frequency and Polarization, 
J. A. Stratton and Richard A. Hutner, Division 14 
Report C-6, RL, Nov. 3, 1942. CP-212-M2 
Propagation Curves [of] 1 to 10 Cm, G. Millington, OSRD 
WA-1502-1c, Report TR-460, Marconi, Ltd., January 
1943. CP-211-M6 
Properties of the Diffracted Wave Field Intensity, Richard 
A. Hutner and Elizabeth M. Lyman, Division 14 Report 
C-8, RL, Feb. 12, 1943. CP-233-M7 
The Effect of Earth Curvature on the Performance Diagram 
of an RDF Station, Report 29/R102/LGHH, TRE, Feb. 
25, 1943. 
Radar Height Finding, Richard A. Hutner, Helen Dod- 
son, Jocelyn Gill, Bernard Howard, Francis Parker, and 
J. A. Stratton, Division 14 Report C-9, RL, Apr. 6, 1943. 
CP-202.311-M1 
Technical Requirements of Ground Communications Inter- 
ceptor Search Systems, Technical Requirements for Early 
Warning Radar Systems, L. J. Chu and N. H. Frank, 
Division 14 Report TCAW-1 and -2, RL, May 10, 1943. 
CP-202.1-M1 
Low-Angle Coverage of Early Warning Radar Systems, N. 
H. Frank, Division 14 Report TCAW-3, RL, July 26, 
1943. CP-202.1-M2 
Factors Relating to the Design of an RDF Air Warning Set, 
F. J. Kerr, OSRD II-5-5721, Report RP-187, CSIR-RL, 
Aug. 11, 1943. CP-202.1-M3 
A Graphical Method of Computing the Bending of Radio 
Beams by the Effective Earth Radius Method, Harry Ray- 
mond, Technical Report T-14, CESL, Aug. 27, 1943. 
CP-231.12-M2 
Transmission at Low Altitudes over Sea Water, Richard 
A. Hutner, Francis Parker, Bernard Howard, Helen 
Dodson, and Jocelyn Gill, Division 14 Report C-10, RL, 
Sept. 1, 1943. CP-232.1-M6 
Radio-Frequency Propagation Above the Earth's Surface, 
Paul F. Godley, Jr., OEMsr-895, Division 15 Report 
895-5, RCA, Sept. 11, 1943. CP-231.12-M3 
Field Intensity Formulas, Richard A. Hutner, Helen Dod- 
son, Jocelyn Gill, Francis Parker, and Bernard Howard, 
Division 14 Report C-11, RL, Sept. 28, 1943. 
Div. 14-111-M8 
Note on Field Intensity Computations for Elevated An: 
tennas, Case 20878, Marion C. Gray, OSRD WA-1463-23 
Technical Memorandum MM-43-110-28, BTL, Oct. 9, 
1943. CP-211-M7 
The Calculation of Expected Vertical Coverage Diagrams 
by Max Sherman, February 19, 1943, revised by Walter S: 
McAfee, Technical Report T-17, CESL, Oct. 15, 1943. 
CP-211-M8 
Charts for Use in Field Intensity Computations, K. Bull- 
ington, OFMsr-1018, Research Project C-79, NDRC 
Division 13 Preliminary Report 3460-KB-NF, Western 
Electric Company, Inc., Nov. 2, 19438. CP-211-M9 
Notes on Visibility Problems, Taking Account of the Cur- 
vature of the Harth, OSRD WA-1368-19, Report 152, 
AORG, Dee. 1, 1948. CP-231.12-M4 
Simplified Methods of Field Intensity Calculations in the 
Interference Region, William T. Fishback, Division 14 
Report 461, RL, Dec. 8, 1943. CP-211-M10 
Field Strength Near and Beyond the Horizon for Wave- 
lengths of Ten and Thirty Cms., M/Report 53/WW, 
TRE, Dec. 24, 1943. 
Theoretical Field Strength Near and Beyond Horizon for 
Orthodox Propagation of Fifty Centimeter Waves, OSRD 
WA-1976-5, Report T-1635/WW, TRH, Feb. 24, 1944. 
. CP-211-M11 


BIBLIOGRAPHY 


59. The Propagation Functions for an Atmosphere with Uni- 


61. 


62. 


66. 


67. 


69. 


70. 


71. 


72. 


73. 


74. 


75. 


76. 


77. 


78. 


form Lapse-Rate of Refractive Index, T. Pearcey, OSRD 
WA-2985-1, Research Report 256, RRDE, Sept. 1, 1944. 
CP-211-M12 


. Propagation Curves (third edition), NDRC Division 15 


Report 966-6C, October 1944. CP-211-M13 
Field Strength Calculator for Vertical Coverage Patterns 
and Propagation Curves, Clarence R. White, Technical 
Memorandum 154-E, CESL, Dec. 20, 1944. CP-211-M14 
Theory of the Vertical Field Patterns for RDF Stations, 
J. C. Jaeger, OSRD II-5-4297, Report RP-174, CSIR-RL, 
Mar. 17, 19438. CP-213-M1 


. Height, Range [and] Alpha Tables, Tables Relating to the 


Height, Range and Angle of Elevation of an Aircraft, OSRD 
II-5-6512, JEIA 7766, Radar Memorandum 50, ORS- 
ADGB, Aug. 10, 1944. (See reference 30.) CP-213-M2 


. The Calculation of Field Strength for Vertical Polarization 


over Land and Sea on 20 to 80 Megacycles per Secand, A. 
M. Woodward, OSRD WA-4395-11, Report T-1704, 
TRE. CP-211-M15 


. Field Intensity Contours in Generalized Coordinates, Helen 


Dodson, Jocelyn Gill, and Bernard Howard, OEMsr-262, 
Division 14 Report 702, RL, May 2, 1945.‘ CP-211-M16 
The Limiting Ranges of RDF Sets over the Sea, F. Hoyle 
and M. H. L. Pryce, OSRD WA-1514-17, Report M-395, 
ASE, 1943. CP-232.2-M2 
The Theory of Anomalous Propagation in the Troposphere 
and Its Relation to Waveguides and. Diffraction, H. G. 
Booker, OSRD WA-599-10, Report T-1447, M/60/HGB, 
TRE, Apr. 12, 1943. CP-221-M2 


. The Tracing of Rays in the Refracting Atmosphere, T. 


Pearcey, OSRD WA-645-42, Report AC-3878; ADRDE- 
USW, Apr. 21, 1943. CP-222-M2 
Graphical Construction of a Radar Radiation Pattern in a 
Stratified Atmosphere, Lloyd J. Anderson and F. R. 
Abbott, BuShips Problem X4-49CD, Report WP-4 [for 


the period from] March 1, 1943 to May 1, 1943, NRSL, 


May 1, 1943. CP-232.2-M3 
Improved Tropospheric Propagation, Curves Embracing 
Anomalous Propagation, H. G. Booker, OSRD II-5-4950, 
Report T-1482, M/65/HGB, TRE, July 6, 1943. 
CP-221-M3 
Radiation Patterns under Cases of Anomalous Propagation, 
T. Pearcey, OSRD WA-830-8, Report R-35/TP, 
ADRDE, July 19, 1943. CP-221-M5 
Effect of Humidity Gradients in the Atmosphere on Pro- 
pagation at RDF Frequencies, Operational Research Re- 
port 22, AORG, July 28, 1943. CP-222.1-M2 
The Calculaiion of Field Strength Near the Surface of the 
Earth under Particular Conditions of Anomalous Propa- 
gation, T. Pearcey, OSRD WA-931-6, Research Report 
203, ADRDE, Oct. 28, 1943. CP-221-M6 
Anomalous Propagation over the Earth, Case 23703, S. A. 
Schelkunoff, OSRD WA-1463-50, Report MM-43- 
110-33, BTL, Oct. 30, 1943. CP-221-M7 
The Effect of Atmospheric Refraction on Short Radio 
Waves, John E. Freehafer, Division 14 Report 447, RL, 
Nov. 29, 1943. CP-222-M5 
Radar Ray Patterns Associated with Normal and Anoma- 
lous Propagation Conditions, ¥. P. Dane, R. U. F. Hop- 
kins, and Lloyd J. Anderson, BuShips Problem X4-49CD 
Report WP-6 [for the period from] November 1 to De- 
cember 6, 1943, NRSL, Dec. 10, 1943. CP-221-M8& 
Transmission of Plane Waves Through a Single Stratum 
Separating Two Media, John B. Smyth, BuShips Problem 
X4-49CD, Report WP-9, NRSL, Dec. 22, 1943. 
CP-221-M9 
Notes on Theoretical Coverage Diagrams for Anomalous 


79. 


81. 


82. 


83. 


84. 


85. 


86. 


87. 


88. 


89. 


90. 


91. 


92. 


93. 


94. 


95. 


96. 


97. 


517 


Propagation, Donald E. Kerr, OSRD WA-1464-9, TM/ 
Memorandum/14/AMW, TRE, Jan. 1, 1944. 
CP-221-M11 
The Dependence of Microwave Propagation over Sea on the 
Structure of the Atmosphere, J. M. C. Scott and T. Pearcey, 
OSRD WA-1591-9, Memorandum 40, ADRDE, Feb. 4, 
1944. CP-232.2 M8 


. Improved Tropospheric Propagation, Curves Embracing 


Superrefraction (revised edition), OSRD WA-1666-27, 
Report T-1625/WW, TRE, Feb. 18, 1944. CP-223-M1 
TRE Requirements for Propagation, Curves Embracing 
Superrefraction, OSRD WA-1666-26, Report M/Memo- 
16/HAB, TRE, Feb. 25, 1944. CP-223-M2 
The Mechanical Determination of the Path Difference of 
Rays Subject to Discontinuitties in the Vertical Gradient 
of Refractive Index, F. R. Abbott, BuShips Problem 
X4-49CD, Report WP-10, NRSL, Mar. 10, 1944. 
CP-222.1-M3 
Improved Tropospheric Propagation, Curves Embracing 
Superrefraction, OSRD WA-2026-2, Report T-1626/WW, 
TRE, Mar. 28, 1944. CP-223-M3 
Interservice Propagation, Curves Embracing Superrefrac- 
tion, Dependence of Mathematical Parameter L on Physical 
Entities, Report M/Memo-18/WW, TRH, Apr. 3, 1944. 
CP-223-M4 
Theoretical Coverage-Diagrams for 10 Cm. Radars Em- 
bracing Superrefraction, JEIA 3229, Report T-1634, 
TRE, Apr. 14, 1944. CP-223-M5 
Theoretical Coverage-Diagrams for 50 Cm. Radars Em- 
bracing Superrefraction, OSRD WA-1992-4, JEIA 3230, 
Report T-1659, TRE, Apr. 14, 1944. CP-223-M6 
Theoretical Coverage of Navigational Aids Embracing 
Superrefraction, OSRD WA-1992-6A, Report T-1660, 
TRE, Apr. 14, 1944. CP-223-M7 
The Theory of Propagation of Radio Wavesin an Inhomo- 
geneous Atmosphere (Part I), T. Pearcey, OSRD WA- 
2251-5, Research Report 245, ADRDE, April 1944. 
CP-221-M10 
Reflection Coefficient of Layers of Varying Refractive Index, 
G. Millington, OSRD WA-2562-13, JEIA 4644, Report 
TR-483, BRL, April 1944. CP-222.1-M4 
Evaluation of the Solution of the Wave Equation for a 
Stratified Medium, D. R. Hartree, P. Nicholson, N. 
Eyres, J. Howlett, and T. Pearcey, OSRD WA-2341-4, 
Memorandum 47, ADRDE, May 24, 1944. (See reference 
108.) CP-221-M13 
Transmission of Plane Waves Through a Single Stratum 
Separating Two Media (Part II), John B. Smyth, Bu- 
Ships Problem X4-49CD, Report WP-13, NRSL, June 
23, 1944. CP-221-M9 
Waves Guided by Dielectric Layers, S. A. Schelkunoff, Re- 
port MM-44-110-52, BTL, July 5, 1944. CP-221-M14 
Microwave Transmission in Nonhomogeneous Atmos- 
phere, S. A. Schelkunoff, Report MM-44-110-53, BTL, 
July 5, 1944. CP-221-M15 
Contour Diagrams of the Radiated Field of a Dipole under 
Various Conditions of Anomalous Propagation, T. Pear-- 
cey and F. Whitehead, OSRD WA-2985-2, Research 
Report 257, RRDE, July 15, 1944. (See reference 110.) 
CP-221-M16 
Theoretical Coverage-Diagrams for 144-Meter Radars Hm- 
bracing Super-refraction,A Woodward, OSRD WA-2854- 
2, Report T-1708, TRE, July 23, 1944. CP-223-M9 
Propagation Curves Embracing Super-refraction: SS Duct, 
Profile-Index 0.2 (Preliminary Edition), H. G. Booker, 
M/Memo-23/WW, TRE, Sept. 7, 1944. CP-223-M10 
A Note on the Reflection Coefficient of an Isotropic Layer of 
Varying Refractive Index, G. Millington, OSRD WA- 
3172-1, JEIA 6481, Report TR-497, BRL, Oct. 5, 1944. 
CP-222.1-M5 


518 


98. 


99. 


100. 


101. 


102. 


103. 


104. 


105. 


106. 


107. 


108. 


109. 


110. 


111. 


112. 


1138. 


114. 


115. 


116. 


BIBLIOGRAPHY 


Predicted Low Level Coverage of S-Band Shipborne Radars 
as Affected by Weather, F. R. Abbott, L. L. Whittemore, 
L. W. Cross, and E: J. Wyrostek, BuShips Problem 
X4-49CD, Report WP-14, NRSL, Nov. 1, 1944. 
CP-232.2-M9 
Predicted Low Level Coverage of 200 MCS Band Shipborne 
Radars as Affected by Weather, F. R. Abbott, L. L. Whit- 
temore, L. W. Cross, and E. J. Wyrostek, BuShips Prob- 
lem X4-49CD, Report WP-15, NRSL, Nov. 4, 1944. 
CP-232.2-M10 
Variational Method for Determining Eigenvalues of Wave 
Equation of Anomalous Propagation, G. G. Macfarlane, 
Report T-1756, TRE, Nov. 13, 1944. 
Wave Propagation Analysis with the Aid of Non-Euchidian 
Spaces, Benjamin Liebowitz, OEMsr-1207, Report 
WPG-7, CUDWR, December 1944. CP-221-M18 
Atmospheric Waves, Fluctuations in High Frequency Radio 
Waves, L. G. Trolese and John B. Smyth, BuShips Prob- 
lem X4-49CD, Report WP-18, NRSL, Feb. 1, 1945. 
CP-225-M1 
The Relation Between the Wave Equation and the Non- 
Linear First Order Equation of the Riccati Type, T. L. 
Eckersley, OSRD WA-4223-7, JEIA 9104, Report TR- 
501, BRL, January 1945. (See ref, 111.) CP-221.1-M1 


A Report on Transmission of Waves over the Earth, T. L. 
Eckersley, OSRD WA~4002-13, Report TR-504, BRL, 
January 1945. CP-221.1-M2 
New Convergent Integrals, T. L. Eckersley, OSRD, WA- 
4002-11, Report TR-509, BRL, February 1945. 
CP-221.1-M3 


The Effect of a Subrefracting Layer of Atmosphere upon the. 


Propagation of Radio Waves, T. Pearcey and M. Tomlin, 
OSRD WA-4016-28, JEIA 8371, Memorandum 83, 
RRDE, Feb. 12, 1945. CP-223-M 13 
Theory of Characteristic Functions in Problems of Anoma- 
lous Propagation, W. H. Furry, OEMsr-262, Division 14 
Report 680, RL, Feb. 28, 1945. CP-221-M19 
The Evaluation of the Solution of the Wave Equation for a 
Stratified Medium ({Part] IJ), D. R. Hartree, OSRD 
WA-4424-11, Research Report 279, RRDE, Mar. 12, 
1945. (See reference 90.) CP-221-M20 
Theoretical Coverage Diagrams for 3-Meter Radars Em- 
bracing Super-refraction, W. Walkinshaw and R. Hens- 
man, OSRD WA-4320-7, JEIA 9198, Report ‘T-1815, 
TRE, Mar. 18, 1945. CP-223-M12 
The Radiation Field of a Dipole under Various Conditions 
of Anomalous Propagation, T. Pearcey, M. Tomlin, and 
F. Whitehead, OSRD WA-4392-7, Research Report 275, 
RRDE, Apr. 13, 1945. (See reference 94.) CP-221-M21 
Notes on the Solution of a Non-Linear First Order Equation 
of the Riccati Type, T. L. Eckersley, OSRD WA-4428-7, 
JEIA 9725, Report TR-502, BRL, May 1945. (See refer- 
ence 103.) CP-222.1-M6 
Perturbation Theory for an Exponential M-Curve in ‘Non- 
Standard Propagation, C. L. Pekeris, OEMsr-1207, Re- 
port WPG-12, CUDWR, July 1945. CP-221.1-M4 
Graphs for Computing the Diffraction Field with Standard 
and Superstandard Refraction, Pearl J. Rubenstein and 
William T. Fishback, OEMsr-262, Division 14, Report 
799, RL, Aug. 13, 1945. CP-222-M1 1 
Radio Interpretation of Meteorological Observations in the 
First Two Meters of Atmosphere Above Grass at Harling- 
ton, Middlesex, January to June, 1940, OSRD WA-861-3, 
Report T-1471, M/63, TRE, June 1940. CP-222.1-M1 
Anomalous Echoes Observed with 10 Cm C.D. Set, A. E 
Kempton, OSRD II-5-564, Research Report 119 
ADRDE, Oct. 8, 1941. CP-623-M1 
Centimeter Wave Propagation over Sea Between High Sites 
just within Optical Range, F. Hoyle and E. C. S. Megaw, 
OSRD WA-171-12, ASE-GEC, June 12, 1942. 
CP-232.2-M1 


117. 


118. 


119. 


120. 


121. 


122. 


123. 


124. 


125. 


126. 


127. 


128. 


129. 


130. 


131. 


132. 


133. 


134. 


Centimeter Wave Propagation over Land (Part II), Meas- 
urements within and beyond Optical Range, G. W. N. 
Cobbold, H. Archer-Thomson, and E. C. S. Megaw, Re- 
port AC-2917, Com. 136, SRDE-GEC, Oct. 16, 1942. 
Radar Wave Propagation, Lloyd J. Anderson, John B. 
Smyth, F. R. Abbott, and R. Revelle, BuShips Problem 
X4-49CD, Report WP-2, NRSL, Nov. 30, 1942. 
CP-623-M2 
Very Short Wave Interception and D.F., T. L. Eckersley, 
OSRD II-5-5276, Report TR-438, BRL, 1943. 
CP-224-M2 
Anomalous Propagation of 10 Cm R.D.F. Waves over the 
Sea (February 6, 1943); First Supplement to Report 87 
(July 26, 1943), OSRD WA-909-21, Report-87, AORG, 
July 26, 1943. CP-232.2-M5 
Investigation of Propagation Characteristics of A.W. Sta- 
tions, Report 17, AORG, Mar. 9, 1943. CP-332-M1 
“A Study of Propagation over the Ultra-Short-Wave 
Radio Link between Guernsey and England on Wave- 
lengths of 5 and 8 Meters (60 and 37.5 Mc/s),” R. L. 
Smith-Rose and A. C. Stickland, The Journal of the In- 
stitution of Electrical Engineers, OSRD WA-1463-31, 
NPL, Vol. 90, No. 9, March 1948, Part III. CP-224-M3 
The Effect of Atmospheric Refraction on the Propagation of 
Radio Waves, A. C. Stickland, OSRD WA-623-19, Report 
RRB/S-10, NPL-RRB, Mar. 20, 1943. CP-222-M1 
Propagation of Ultra-Short Waves, H. C. Webster, OSRD 
II-5-4575(S), Report 354, Australia, Apr. 17, 1943. 
CP-224-M4 
Report on Radar Wave Propagation, Atmospheric Refrac- 
tion, A Qualitative Investigation, Lloyd J. Anderson and 
John B. Smyth, BuShips Problem X4-49CD, Report 
WP-5, NRSL, May 7, 1948. CP-222-M4 
Radio Interpretation of Meteorological Observations in the 
First 400 Feet Above Cardington, 1942, OSRD WA-861-1, 
Report T-1413, M/61, TRE, May 14, 1948. CP-321-M1 
Centimeter Wave Propagation over Sea (Part IT), Measure- 
ments from Shore Sites Near and Beyond Optical Range, 
G. W. N. Cobbold, A. J. Jones, H. A. Bonnett, E. C. S. 
Megaw, H. Archer-Thomson, and E. M. Hickin, OSRD 
WA-792-10, Report 8180, GEC, May 27, 1943. 
CP-232.2-M4 
Preliminary Observations on Radio Propagation at 6 Centi- 
meters Between Beer’s Hill, New Jersey, and New York, 
Case 37008-4, File 36691-1, G. W. Gilman, Report 
MM-43-160-87, BTL, June 12, 1943. CP-224-M6 
Some Observations of Anomalous Propagation, Report 
T-1483, M/64, TRH, July 6, 1943. 
Application of Anomalous Propagation to Operational 
Problems at Home and Abroad, H. G. Booker, JMRP 3, 
Report T-1484, M/66/HGB, TRE, July 7, 1943. 
CP-221-M4 
Propagation of Signals on 45.1, 474 and 2800 Mc from 
Empire State Building to Hauppauge and Riverhead, L.I., 
New York. G. S. Wickizer and A. M. Braaten, OHMsr- 
691, NDRC Research Project 423, Division 14 Report 
179, Report 1, RCA, July 20, 1943. CP-631-M1 
Propagation of Ultra Short Waves, T. L. Eckersley, OSRD 
WA-1463-3, Report TR/476, Marconi, Ltd., August 
1948. CP-224-M7 
The K”’ Effect in Anomalous Propagation of Ultra-Short 
Waves, F. Syer (RAAF), JMRP 11, Australian Paper 
266, Report AC-4496, Australia, Aug. 10, 1943. 
CP-224-M15 
The Propagation of 10 Cm Waves over Land Paths of 14, 
52, and 112 Miles, Paul A. Anderson, C. L. Barker, K. E. 
Fitzsimmons, and §. T. Stephenson, OEMsr-728, Re- 
search Project PDRC-647, Division 14 Report 202, 
Report 4, Washington State College, Oct. 26, 1943. 
CP-224-M8 


135 


136. 


137. 


138. 


139. 


140. 


141. 


142. 


143. 


144. 


145. 


146. 


147. 


148. 


149. 


150. 


151. 


152. 


BIBLIOGRAPHY 


. The Propagation of 1-Cm Waves over the Sea as Deduced 
from Meteorological Measurements, J. M. C. Scott and T. 
Pearcey, OSRD WA-1339-6, JMRP 4, Research Report 
227, ADRDE, Nov. 11, 1943. CP-232.2-M6 
Centimeter Wave Propagation over Land, A Preliminary 
Study of the Field Strength Records between March and 
September 1943, R. L. Smith-Rose and A. C. Stickland, 
OSRD WA-1514-6, JMRP 10, Paper RRB/S-13, DSIR- 
NPL, Nov. 15, 1943. CP-333-M1 
The Propagation of 10 Cm Waves over an Inland Lake, 
Correlation with Meteorological Soundings, Paul A. Ander- 
son, K. E. Fitzsimmons, and S. T. Stephenson, OE Msr- 
728, Research Project PDRC-647, Division 14 Report 
212, Report 5, Washington State College, Nov. 12, 1943. 
CP-232.2-M7 
Measurements of Radar Wave Refraction and Associated 
Meteorological Conditions, Lloyd J. Anderson and L. G. 
Trolese, Report WP-7, NRSL, Dec. 10, 1943. 
CP-222-M6 
Anomalous Propagation in India, Preliminary Report on 
Overland Transmission in Bengal, H. G. Booker, OSRD 
TI-5-6555(S), Report S-5, ORS-SEA, Dec. 30, 1943. 
CP-334-M1 
Atmospheric Physics, Summary of Investigations on Anom- 
alous Propagation of Radar Signals Carried Out by the 
Australian Operational Research Group During 1942-43, 
D. F. Martyn, AORG, 1943. CP-221-M1 
The Cause of Short Period Fluctuations in Centimeter Wave 
Communication, J. M. C. Scott, OSRD WA-1962-7 
Memorandum 42, ADRDE, Mar. 8, 1944. CP-224-M10 
Anomalous Propagation in the Persian Gulf, Naval Officer 
in Charge, Hormuz, OSRD WA-2146-23, Report AC- 
5975, USW, Received Mar.:20, 1944. CP-331-M4 
Effect of Super-refraction on Surface Coverage on Enemy 
50-Cm and 80-Cm Radar Sets, OSRD WA-2284-3, Report 
M/Memo-19 GGM, TRE, April 1944. . CP-223-M8 
K-X-S Experiments, News Letter No. 1, T. Gold, MK. 
12201, ASE, May 38, 1944. CP-333.2-M1 
Abnormal Radar Propagation in the South Pacific, An 
Investigation into Conditions in New Zealand and Nor- 
folk Island on 200 Mc/s. with Notes on Fiji, New Cale- 
donia and Solomon Islands, Air Department Wellington, 
File 135/14/10, Report 119, ORS-RNZAF, May 4, 
1944. CP-335-M1 
Procedure and Charts for Estimating the Low Level Cover- 
age of Shipborne 200-Mc Radars under Conditions of 
Pronounced Refraction, F. R. Abbott, Lloyd J. Anderson, 
F. P. Dane, J. P. Day, R. U. F. Hopkins, John B. 
Smyth. L. G. Trolese, and A. P. D. Stokes, BuShips 
Problem, K4-49CD, Report WP-11, NRSL, Revised 
May 10, 1944. CP-202.32-M1 
Centimeter Propagation over Land, A Study of the Field 
Strength Records Obtained During the Year 1943-1944, 
A. C. Stickland and R. W. Hatcher, JEIA 4789, Re- 
port RRB/S-18, NPL-MO, DSIR, May 11, 1944. 
CP-224-M11 
K-X-S Experiments, News Letter No. 2, T. Gold, MK. 
12201, ASE, May 18, 1944. CP-333.2-M1 
Atmospheric Propagation Effects and Relay Equipment, 
Thomas J. Carroll, Report ORB-PP-12-1, OCSO, May 
18, 1944. CP-311-M2 
Low-Level Coverage of Radars as Affected by Weather, 
Procedures and Charts, Report IRPL-T2a, NRSL, 
May 25, 1944. (Reference 146 reprinted.) 
Variations in Radar Coverage, Report JANP-101, Joint 
Communications Board, June 1, 1944. CP-202.4-M4 
Farlier edition: IRPL T-1, CUDWR-WPG, May, 
1944. ; CP-202.5-M1 
Effect of Atmospheric Refraction on Range Measure- 
ments, G. G. Macfarlane, OSRD I-A-320, Report T-1688, 
TRE, June 12, 1944. CP-222-M7 


153. 


154. 


155. 


156. 


157. 


158. 


159. 


160. 


161. 


162. 


163. 


164. 


165. 


166. 


167. 


168. 


519 


Microwave Transmission over Water and Land under 
Various Meteorological Conditions, Pearl J. Rubenstein, 
I. Katz, L. J. Neelands, and R. M. Mitchell, OE Msr- 
262, Division 14 Report 547, RL, June 13, 1944. 
CP-311-M4 
Abnormal Propagation in W. A. C. for May and June, 
1944. Report 10, Canadian ORS-WAC, July 27, 1944. 
Propagation of Signals on 45.1, 474 and 2800 Mc from 
Empire State Building, N.Y.C. to Hauppauge and 
Riverhead, L.I., N.Y., G.S. Wickizer and A. M. Braaten, 
OEMsr-691, NDRC, Research Project 423, Division 14 
Report 298, Report 2, RCA, July 31, 1944. CP-631-M1 
The Structure of the Electromagnetic Field During Con- 
ditions of Anomalous Propagation, T. Pearcey and F. 
Whitehead, OSRD WA-3070-1, Research Report 258, 
RRDE, Sept. 19, 1944. CP-221-M17 
Tropospheric Propagation and Radio-Meteorology, Re- 
port WPG-5, CUDWR-WPG, September 1944. 
“Some Factors Causing Super-refraction on Ultra High 
Frequencies on South West Pacific,” (Daily Report on 
Abnormal Echoes, RAAF Form 146 included in ATP 
821), D. F. Martyn and P. Squires, Australian Iono- 
sphere Bulletin, October 1944, Section 1.2. CP-224-M14 
Atmospheric Refraction, A Preliminary Qualitative Inves- 
tigation, Lloyd J. Anderson, F. P. Dane, J. P. Day, 
R. U. F. Hopkins, L. G. Trolese, and A. P. D. Stokes, 
BuShips Problem X4-49CD, Report WP-17, NRSL, 
Dec. 28, 1944. CP-222-M9 
Anomalous Propagation with High and Low Sited 3 Cm 
Ship Watching Radar Sets, G. C. Varley, OSRD WA- 
4238-2, Report 250, AORG, Mar. 20, 1945. 
CP-232.2-M12 
Anomalous Propagation at English Coastal Radar Sta- 
tions, March to September, 1944, D. Lack, OSRD WA- 
4491-12, JEIA 9946, Report 258, AORG, May 30, 1945. 
(See also reference 6d.) CP-232.2-M13 
Lebanon-Beer’s Hill Transmission on Wavelengths of 2.0 
Meters, and 80 Centimeters, Case 20564, A. B. Crawford, 
Report MM-39-326-98, BTL, Dec. 5, 1939. CP-224-M1 
Centimeter Wave Propagation over Land; Preliminary 
Trials, G. W. N. Cobbold, H. A. Bonnett, A. J. Jones, 
E. C. S. Megaw, H. Archer-Thomson, A. S. Gladwin, 
and EK. M. Hickin, Report 8045, GEC, Aug. 21, 1942. 
The Propagation of 10-Cm Waves on a 52-Mile Optical 
Path over Land, The Correlution of Signal Patterns and 
Radiosonde Data, Paul A. Anderson, C. L. Barker, S. T. 
Stephenson, and K. E. Fitzsimmons, OEMsr-728, 
NDRC Research Project PDRC-647, Division 14 
Report 151, Report 1, Washington State College, June 
10, 1943. CP-224-M5 
Centimeter Wave Propagation over Sea Within and Be- 
yond the Optical Range, E. C. S. Megaw, H. Archer- 
Thomson, E. M. Hickin, and F. Hoyle, Report M-532, 
ASE, July 1943. 
Aden-Berbera V.H.F. Experiments, Final Report on 
Propagation Aspects, E. W. Walker and S. R. Bicker- 
dike, OSRD WA-2187-14, Report MS4, SRDE, De- 
cember 1942 and July 1943. CP-331-M1 
[Ultra Short Wave Communication|], Investigation No. 369, 
Trish Sea Experiment, OSRD WA-2146-18, -19, -20, -21, 
and -22; WA-2379-2, WA-2797-36, WA-3158-13; WA- 
3822-30; and -31. Or, as identified in Progress Reports 
AC-5970 Sept. 1, 1943, AC-5971 Dec. 14, 1943, AC- 
5972 Jan. 15, 1944, AC-5973 Feb. 9, 1944, AC-5974 
Mar. 20, 1944, AC-6334 May 14, 1944, AC-6828 Aug. 
12, 1944, AC-7206 Oct. 19, 1944, AC-7465 Nov. 10, 
1944, and AC-7668 Jan. 4, 1945, British Ministry of 
Supply. CP-224-M9 
Experience with Space and Frequency Diversity Fading 
on New York-Neshanic Microwave Circuit, Case 37003-4, 
G. W. Gilman and F. H. Willis, Report MM-43-160- 


520 


169. 


170. 


171. 


172. 


1738. 


174. 


175. 


176. 


177. 


178. 


179. 


180. 


181. 


182. 


183. 


184. 


185. 


186. 


BIBLIOGRAPHY 


152, BTL, Sept. 18, 1943. CP-240-M1 
Investigation of Changes in Direction of Transmission 
during Periods of Fading in the Microwave Range, Case 
37008-4, File 36691-1, A. C. Peterson, Report MM-43- 
160-183, BTL, Oct. 30, 1943. CP-240-M2 
Radar Calibration Report, New York Region, R. C. L. 
Timpson, Mitchell Field, N.Y., Nov. 30, 1943. 
CP-202.1-M4 
Aden-Berbera VHF Experiments, Meteorological Con 
ditions and Possible Correlations, E. W. Walker, OSRD 
WA-1614-1, JMRP 14, Report AC-5493, USW-SRDE, 
Dec. 20, 1943. CP-331-M3 


Propagation over Short Paths and Rough Terrain at 200. 


Mc/s, A. B. Vane and D. G. Wilson, OEMsr-262, Di- 
vision 14 Report 468, RL, Jan. 18, 1944. CP-231.2-M1 
Propagation and Reflection Characteristics of Radio 
Waves as Affecting Radar, William G. Michels and 
William C. Pomeroy, Service Project (M-3) lla, U.S. 
Army Air Forces Board,: Jan. 31, 1944. _ CP-581-M1 
Microwave Propagation Measurements (Conference of 
February, 1944), F. H. Willis, Report MM-44-160-55, 
BTL, Mar. 10, 1944. (See reference 3.) 
An Estimation of the Incidence of Anomalous Propa- 
gation in the Cook Strait Area of New Zealand from Jan- 
uary 1948 to January 1944, F. E. S. Alexander, OSRD 
TI-5-5849(S), Report RD-1/373, RDL-DSIR, NZ, May 
2, 1944. CP-332-M2 
K-Band Radar Transmission, A Preliminary Report of 
Tests Made Near Atlantic Highlands, N.J. between De- 
cember 1943 and April 1944, G. C. Southworth, A. P. 
King, and S. D. Robertson, Report MM-44-160-115, 
BTL, May 19, 1944. CP-202.2-M1 
Report on Cross Channel Propagation of British No. 10 
Set, K. R. Spangenberg, Report OAB-2, OCSO, Aug. 
26, 1944. CP-224-M12 
Radar Range and Signal Strength, Li, Jofey and A. C. 
Cossor, Report MR-142, Research Department, Myra 
Works, London E10, August 1944. 
Results of Microwave Propagation, Tests on the New 
York-Neshanic Path, Case 87008-4, File 36691-1, A. L. 
Durkee, Report MM-44-160-190, BTL, Aug. 28, 1944. 
CP-224-M13 
Height-Gain Tests in the Troposphere, G. A. Isted, JEIA 
5560, JMRP 36, Report TR-488, BRL, September, 
1944. CP-312-M1 
Interim Report on Investigation of 120 Mc/s and 50-Cm 
Propagation Across the English Channel, W. R. Piggott, 
OSRD WA-3157-6, Report AC-7081, USW, Oct. 4, 
1944, CP-333-M5 
Measurements of the Angle of Arrival of Microwaves in 
the X-Band, Case 20564, W. M. Sharpless, Report MM- 
44-160-249, BTL, Nov. 7, 1944. 
Overwater Transmission Measurements, 1944-Part I 
Preliminary Analysis of Radio and Radar Measure- 
ments, Pearl J. Rubenstein, OEMsr-262, Division 14 
Report 649, RL, Dec. 15, 1944. CP-222-M8 
The Vertical Distribution of Field Strength over the Sea 
Under Conditions of Normal and Anomalous Propa- 
gation, J A. Ramsay and P. B. Blow, OSRD WA-3870-1, 
Research Report 267, CAEE-RRDBH, Jan. 5, 1945. 
CP-232-M1 
Centimetre Wave Propagation over Sea, A Study of 
Signal Strength Records Taken in Cardigan Bay, Wales 
Between February and September, 1944, R. L. Smith- 
Rose and A. C. Stickland, OSRD WA-4297-9, JMRP 
50, Paper RRB/C-114, NPL-DSIR, Feb. 28, 1945. 
CP-333-M3 
Over-Water Tests of S-Band' Early Warning for Ships, 
Vertical Coverage of the CXHR (SCI) Search System, 


187. 


188. 


189. 


190. 


191. 


192. 


193. 


194. 


195. 


196. 


197. 


198. 


199. 


200. 


201. 


202. 


203. 


204. 


Walter O. Gordey, Donald T. Drake, and M. Kessler, 
OEMsr-262, Service Project NS-194, Division 14 Re- 
port 703, RL, Mar. 5, 1945. CP-232.2-M11 
Preliminary Report on S- and X- Band Propagation in 
Low Ducts Formed in Oceanic Air, Martin Katzin, Prob- 
lem S$411.2R-S, Report R-2498, NRL, Mar. 24, 1945. 
CP-222.2-M2 
Atmospheric Refraction under Conditions of a Radiation 
Inversion, Lloyd J. Anderson, J. P. Day, C. H. Freres, 
R. U. F. Hopkins, John B. Smyth, and A. P. D. Stokes, 
BuShips Problem X4-49CD, Report WP-19, NRSL, 
Apr. 21, 1945. CP-222-M10 
Radio-Meteorological Relationships, E. C. S. Megaw and 
F. L. Westwater, OSRD WA-4594-15, Report AC-8140, 
USW-138, May 4, 1945. CP-222.2-M3 
Calculated Relationship Between Signal Level and Uni- 
form Gradient of Refractive Index for the Irish Sea Paths, 
E. C.S. Megaw, OSRD WA-4594-13, GEC Report 8656, 
AC-8225, USW-141, GEC-USW, Apr. 19, 1945. 
CP-222.1-M8 
Radio-Meteorological Relationships, General Summary of 
Papers AC-8140/USW.138 and AC-8225/USW.141, E. 
C. S. Megaw and F. L. Westwater, OSRD WA-4618-1, 
Report AC-8336, USW-149, USW, 1945. (See references 
189 and 190.) CP-222.2-M4 
General Summary Covering the Work of the KXS Inter- 
Service Trials, Llandudno, 1944, J. R. Atkinson, JMRP 
64, Report T-1770, TRE, May 1945. CP-333.2-M2 
X-Band Trials at Rosehearty, J. R. Atkinson, OSRD 
WA-4596-11, JEIA 10401, Report AC-8228, USW-142, 
May 28, 1945. CP-222.3-M1 
S- and X- Band Propagation in Low Ocean Ducts (Fourth 
Conference), R. W. Bauchman and W. Binnian, Report 
R-2565, NRL, July 5, 1945. (See reference 12 and 187.) 
KXS Llandudno Interservice Trials, Summer 1944, 
JMRP 68, Report T-1865, TRH, 1944. 
Survey of Radio Meteorological Information Available at 
TRE, JMRP 67, Report M/98 (T-1888)/JWH, TRE, 
August 1945. 
The Diffusive Properties of the Lower Atmosphere, O. G. 
Sutton, OSRD WA-670-9a, Report MRP-59, Chemical 
Defense Experimental Station, Air Ministry Meteoro- 
logical Research Committee, Dec. 29, 1942. CP-323-M1 
A Study of the Effect of the Meteorology on the Refraction 
of Radio Beams, H. Raymond, Technical Report T-2, 
CESL, May 4, 1943. CP-222-M2 
The Rapid Reduction of Meteorological Data to Index of 
Refraction, Lloyd J. Anderson and F. R. Abbott, Report 
WP-8, NRSL, Dec. 10, 1943. 
Application of Diffusion Theory to Radia Refraction 
Caused by Advection, P. M. Woodward, OSRD, WA- 
2047-4, Report T-1647, TRE, Apr. 6, 1944. CP-323-M2 
Qualitative Survey of Meteorological Factors Affecting 
Mic‘owave Propagation, I. Katz and J. M. Austin, 
OEMsr-262, Division 14 Report 488, RL, June 1, 1944. 
CP-311-M3 
The Influence of Ground Contour on Air Flow (Trans- 
lation), P. Queney, Translated by Walter M. Elsasser, 
OEMsr-1207, Report WPG-4, CUDWR, September 
1944. CP-322-M1 
Radio-Meteorological Tables, P. M. Woodward and J. 
W. Head, OSRD WA-3401-1, JMRP 30, Report T-1724, 
TRE. CP-222.1-M9 
Modified Index Distribution Close to the Ocean Surface, 
R. B. Montgomery and Robert H. Burgoyne, OEMsr- 
262, Division 14 Report 651, RL, Feb. 16, 1945. 
CP-222.2-M1 


. Tables for Computing the Modified Index of Refraction 


M, E. R. Wicher, Report WPG-8, CUDWR, March 
1945 


206. 


207. 


208. 


209. 


210. 


211. 


212. 


213. 


214. 


215. 


216. 


217. 


218. 


219. 


220. 


221. 


BIBLIOGRAPHY 


Nomograms for Computation of Modified Index of Refrac- 
tion, Robert H. Burgoyne, OF Msr-262, Division 14 Re- 
port 551, RL, Apr. 6, 1945. CP-222.1-M7 
Meteorological Report in Connection with V.H.F. Wireless 
Experiment Between Aden and Berbera, 1943, Ronald 
Frith, OSRD WA-1746-2, JMRP 138, Report AC-5492, 
USW, Oct. 30, 1943. CP-331-M2 
Meteorological Measurements, Irish Sea Experiments 
Meteorological Observations [taken] on [Board] the Ship 
Glen Strathallan in the Irish Sea for the Period November 1, 
1943 to October 23, 1944, OSRD WA-1759-14, WA-1935-1, 
WA-1951-1, WA-2131-5, WA-2131-C5, WA-2152-13, 
WA-2131-5A, WA-3180-1, WA-2242-4, WA-2315-1, 
WA-2364-18, WA-2587-5, WA-2623-13, WA-2843-13, 
WA~4079-1, WA-2905-4, WA-3029-2, WA-3180-1A, WA- 
3180-1D, WA-3322-1, and WA-3584-3, NMS. 
CP-333.1-M1 
Meteorological Observations [taken] on [Board] the Ship 
Coila in the Irish Sea for the Period December 15, 1,943 to 
October 26, 1944,, OSRD WA-2131-5B, WA-2843-11, 
WA-2743-12, WA-4079-2, WA-3305-5, WA-3322-2, and 
WA-3584-2, NMS. CP-333.1-M2 
Meteorological Measurements [taken] on [Board] the Ship 
St. Dominica in the Irish Sea for the Period May 19, 1944 
to August 29, 1944, OSRD WA-2587-6, WA-2645-4,°W A- 
3143-9, WA-3991-2, WA-3180-1B, and WA-3180-1C, 
Inter-Service Cm. Wave Prop. Research NMS. 
CP-333.1-M3 
Tables of Temperature and Humidity Observations at Rye, 
OSRD WA-1463-13A, Report JMRP-5, MO, November 
1943. CP-333.3-M1 
Low Altitude Measurements in New England to Determine 
Refractive Index, 1943, Robert H. Burgoyne and I. Katz, 
Division 14 Report 42, RL, Feb. 22, 1944. CP-336.2-M1 
Climate in Relation to Microwave Radar Propagation in 
Panama, Arthur E. Bent, Division 14, Report 476, RL, 
Feb. 25, 1944. CP-336.1-M1 
The Vertical Distribution of Temperature and Humidity at 
Rye on the Night of January 14-15, 1944, JEIA 10318, 
Report JMRP 6, MO, Feb. 26, 1944. CP-333.3-M2 
Analysis of Temperature and Humidity Records at Rye, 
JEIA 10319, Report JMRP-7, MO, February 1944. 
CP-333.3-M3 
Radio Climatology of the Persian Gulf and Gulf of Oman 
with Radar Confirmation, H. G. Booker, Report T-1642, 
TRE, Mar. 15, 1944. CP-331-M5 
Stations in the Western Hemisphere with Conditions in the 
Lower Layers of the Atmosphere Similar to Those: at 
Selected Stations in the Eastern Hemisphere, Report 729, 
U.S. Army Air Forces, Weather Division, March 1944. 
CP-337-M1 
Some Values of the Refractive Index of the Atmosphere at 
Rye, 8.100958, JEIA 10322, Report JMRP 23, MO 8, 
June 1-6, 1944. 
Low-Level Meteorological Soundings and Radar Correla- 
tion for the Panama Canal Zone, K. E. Fitzsimmons, S. T. 
Stephenson, and Robert W. Bauchman, OBMsr-728, 
NDRC Research Project PDRC-647, Repurt 0, Wash- 
ington State College, June 12, 1944. CP-336.1-M2 
Wave Propagation Report No. 3, Report 413.44/R118, 
Naval Research Group, Intel. Br. OCSO Canal Zone, 
July 1, 1944. 
Preliminary Analysis of Height-Gain Tests in the Tropo- 
sphere, R. F. C. McDowell, OSRD WA-2930-2, JEIA 
5777, Report TR-494, BRL, September 1944. 
CP-333-M2 
Diurnal Variation of Temperature and Humidity at Var- 
tous Heights at Rye, 8.100958, JEIA 10323, Report 
JMRP 26, MO 8, Oct. 21, 1944. CP-333.3-M4 
Report on General Climatic and Meteorological Conditions 


222. 


223. 


224, 


225. 


226. 


227. 


228. 


229. 


230. 


231. 


232. 


233. 


234. 


235. 


521 


in Banda Sea, 4°-7° S., 126°-131° E., Report List 2, Sec- 
tion II, Series 7, No. 18, RAAF, Directorate of Meteoro- 
logical Services, November 1944. CP-335-M2 
Hourly Values of Modified Refractive Index M for Meteoro- 
logical Office |at) Rye, May, 1944, JELA 10325, Report 
JMRP-31, MO, Dec. 28, 1944. CP-333.3-M5 
Temperature and Humidity Measurements Made with the 
Washington State College Wired Sonde Equipment at Kai- 
koura, New Zealand, Between Sept. 22, 1944 and Oct. 19, 
1944, F. E.S. Alexander, Report RD-1/482, RDL-DSIR, 
NZ, Jan. 15, 1945. CP-332-M3 
Highlights of the December, 1944 Typhoon Including 
Photographic Radar Observations (Part I), A Distant Ob- 
servation of a Warm Front I neluding a Photograph of 
Cloud Forms and Slope of Front (Part II), George F. 
Kosco, Fleet Weather Central Paper 10, U.S. Navy, 
Third Fleet, Feb. 10, 1944: CP-336.3-M1 
Results of Low Level Atmospheric Soundings in the South- 
west and Central Pacific Oceanic Areas, Paul A. Anderson, 
K. E. Fitzsimmons, G. M. Grover, and 8. T. Stephenson, 
OEMsr-728, NDRC Research Project PDRC-647, Re- 
port 9, Washington State College, Feb. 27, 1945. 

CP-335-M4 
Centimeter Wave Propagation over Sea, Correlation of 
Radio Field Strength Transmitted Across Cardigan Bay, 
Wales with Gradient of Refractive Index Obtained from Air- 
craft Observations, R. L. Smith-Rose and A. C. Stickland, 
OSRD WA-4459-9, JEIA 9813, Paper RRB/C-121, 
DSIR, May 10, 1945. CP-333-M4 
Balloon Psychrometer for the Measurement of the Relative 
Humidity of the Atmosphere at Various Heights (and Ad- 
dendum), S. M. Doble and S. Inglefield, OSRD II-5- 
5079(S) and OSRD II-5-5080(S), ICI, Apr. 1, 1943; 
Addendum Sept. 25, 1943. CP-344-M1 
The Captive Radiosonde and Wired Sonde Techniques for 
Detailed Low-Level Meteorological Sounding, Paul A. 
Anderson, C. L. Barker, K. E. Fitzsimmons, and S. T. 
Stephenson, OEMsr-728, NDRC Research Project 
PDRC-647, Division 14 Report 192, Report 3, Washing- 
ton State College, Oct. 4, 1943. CP-341-M1 
Instruments and Methods for Measuring Temperature and 
Humidity in the Lower Atmosphere, I. Katz, OEMsr-262, 
Service Project SC-8, Division 14 Report 487, RL, Apr. 
12, 1944. CP-344-M2 
Anomalous Propagation, Adaptation of Model RAU-2 
Radio Sonde Receiving and Recording Equipment for Use 
as Low Level Sounding Device, Navy Dev. Project Unit 1, 
Friez Instrument Division, Bendix Aviation Corpora- 
tion, May 31, 1944. CP-342-M1 
Meteorological Investigation at Rye, Instrumental Lay- 
out for Recording Gradients of Temperature and Relative 
Humidity (Part I), Report JMRP-17, Instruments 
Branch, MO 4, May 1944. CP-344-M3 
Notes on Operational Use of Low-Level Meteorological 
Sounding Equipment, K. E. Fitzsimmons, S. T. Stephen- 
son, and Robert W. Bauchman, OEMsr-728, NDRC 
Research Project PDRC-647, Report 7, Washington 
State College, June 15, 1944. CP-342-M2 
Microwave Propagction Studies, Detection of Tropo- 
sphere Stratification by Means of Sound Echoes, Pre- 
liminary Trial, Case 37003, H. B. Coxhead and F. H. 
Willis, Report MM-44-160-143, BTL, June 21, 1944. 

CP-344-M4 
Operating Instructions for the WSC Low-Level Atmos- 
pheric Sounding Equipment, Paul A. Anderson, OEMsr- 
728, NDRC Research Project PDRC-647, Report 8, 
Washington State College, July 10, 1944. CP-342-M3 
Meteorological Equipment for Short Wave Propagation 
Studies, Walter M. Elsasser, Report WPG-3, CUDWR 
August 1944. 


522 


236. 


237. 


238. 


239. 


240. 


241. 


242. 


243. 


244. 


245. 


246. 


247. 


248. 


249. 


250. 


251. 


252. 


253. 


254. 


BIBLIOGRAPHY 


Wired Sonde Equipment for High Altitude Soundings, 
Lloyd J. Anderson, BuShips Problem X449CD, Re- 
port WP-16, NRSL, Nov. 17, 1944. (See reference 238.) 
CP-341-M2 
A Note on the Resistance of Electric Hygrometer Ele- 
ments, Lloyd J. Anderson and S. T. Stephenson, Report 
AERO-1, NRSL, May 8, 1945. CP-343-M1 
Improiements in USNRSL Meteorological Sounding 
Equipment, Lloyd J. Anderson, S. T. Stephenson, and 
A. P. D. Stokes, BuShips Problem X4-49CD, Report 
WP-21, NRSL, July 3, 1945. (See reference 236.) 
CP-341-M3 
Forecasting of R. D. F. Conditions, JMRP 2, Memoran- 
dum 103, AORG, May 31, 1943. CP-410-M1 
The Meteorological Aspects of Anomalous Propagation, 
Short Wave Radio, R. W. Hatcher, Report JMRP 1, 
[Great Britain] June 1943. CP-410-M2 
Oboe Propagation, August-October, 1943, H.. G. Booker, 
OSRD WA-1464-5, Report T-1605, TRH, 1943. 


CP-422-M1 
“Naviprop” Forecasts, E. Gold, OSRD WA-2255-1Q, 
Report SIS 45, MO, Nov. 8, 1948. CP-422-M2 


Issue of Anoprop Forecasts, Synoptic Instruction Special 
No. 39, OSRD WA-2255-1R, Report SIS 39, MO, Feb. 
11, 1944. CP+422-M3 
Elements of Radio Meteorological Forecasting, H. G. 
Booker, Report T-1621, Mathematics Group, TRE, 
Malvern, Feb. 14, 1944. CP-410-M3 
Preliminary Instruction Manual, Weather Forecasting 
for Radar Operations, Report 614, U.S. Army Air Forces, 
Weather Division, March 1944. CP-410-M4 
Tropospheric Weather Factors Likely to Affect Superre- 
fraction of VHF-SHF Radio Propagation as Applied to 
the Tropical West Pacific, B. Dillon Smith and R. D. 
Fletcher, Report RP-1, U. S. Department of Commerce, 
Weather Bureau, July 1, 1944. CP-424-M1 
Preliminary Instruction Manual of Weather Forecast- 
ing for Radar Operations in South West Pacific Area, 
D. F. Martyn and P. Squires, Report RP-220, CSIR- 
RL, Sept. 4, 1944. CP-424-M2 
Outline of Radio Climatology in India and Vicinity, 
H. G. Booker, JEIA 6061, Report JMRP-25, Report 
T-1727 (M/85), TRE, Sept. 12, 1944. CP-423-M1 
Notes on TRE Report T-1727, JMRP No. 25, Radio 
Climatology in India and Vicinity, C. S. Durst, JEIA 
10324, Report JMRP-27, MO, Nov. 7, 1944. (See refer- 
ence 248.) CP-423-M2 
A Rough Sketch of World Radio Climatology over Sea, 
H. G. Booker, Report T-1730, TRH; Oct. 31, 1944. 
CP-424-M3 
American Continents Meteorological Counterparts of 
Western Pacific and Indian Ocean Areas as Applied to 
Tropospheric Radio Propagation, J. H. Brown, J. -L. 
Paulhus, and E. Dillon Smith, Report RP-2, U. S. 
Weather Bureau, Nov. 15, 1944. 
The Possibility of Investigating the Féhn Wind and Sea 
Breeze Phenomena in N. Z. with a View to Elucidating 
Certain Problems of Radio-Meteorological Forecasting in 
Other Parts of the World, M. A. F. Barnett and F. E. S. 
Alexander, JEIA 7469, Report RD-1/471, RDL-DSIR- 
NZ, Dec. 1, 1944. CP-421-M1 
Determination of a Suitable Method of Forecasting Radar 
Propagation Variations over Water, Tests Conducted by 
26th Weather Region, Orlando, Florida, J. R. Gerhardt 
and William E. Gordon, Service Project 4252R000.77, 
U.S. Army Air Forces, Mar. 10, 1945. CP-425-M1 
A Qualitative Outline of the Radio Climatology of Aus- 
tralasia, H. G. Booker, JMRP-53, Report T-1820 
(M/95), TRE, Apr. 19, 1945. CP-421-M2 


255. 


256. 


257. 


258. 


259. 


260. 


261. 


262. 


263. 


264. 


265. 


266. 


267. 


268. 


269. 


270. 


271. 


272. 


273. 


Determination of the Practicability of Forecasting Me- 
teorological Effects on Radar Propagation, Tests Con- 
ducted by AAF Tactical Center, Orlando, Florida, John 
R. Gerhardt and William E. Gordon, Service Project 
3767B000.93, U. S. Army Air Forces, June 13, 1945. 
CP-425-M2 
Absorption of 1-Cm Radiation by Rain, M. G. Adam, 
R. A. Hull, and C. Hurst, Misc. Report 3, CVD-CL. 
The Absorption of Ultra-Short Wireless Waves in the 
Water Vapour of the Earth’s Atmosphere, J.-A. Saxton, 
OSRD II-5-210, Paper RRB/C-18, NPL, Feb. 14, 
1941. CP-510-M1 
Echo Intensities and Attenuation Due to Clouds, Rain, 
Hail, Sand and Duststorms at Centimeter Wavelengths, 
J. W. Ryde, OSRD WA-81-25, Report 7831, GEC, 
Oct. 18, 1941. CP-511-M1 
The Atmospheric Absorption of Microwaves (in Third 
Conference Report of CP), J. H. Van Vleck, Report 
175 (43-2), RL, Apr. 27, 1942. (See reference 10.) 
Div. 14-121.1-M4 
The Effect of Rain Upon the Propagation of 1-Cm Elec- 
tro-Magnetic Waves, Case 22098, S. D. Robertson, Re- 
port MM-42-160-87, BTL, Aug. 1, 1942. CP-511-M2 
The Effect of Rain on the Propagation of Microwaves, 
Case. 22098, A. P. King and 8. D. Robertson, Report 
MM-42-160-93, BTL, Aug: 26, 1942. CP-511-M3 
Comparison of Theoretical and Experimental Values for 
the Atlenuation of 1-Centimeter Waves in Rain, Case 22098, 
S. D. Robertson, Report MM-43-160-2, BTL, Jan. 5, 
1943. CP-511-M4 
An Investigation on the Number and Size Distribution of 
Water Particles in Nature, Josef Mazur, F/Lt. Polish Air 
Force, OSRD II-5-6306(S), Report MRP-109, Meteoro- 
logical Research Committee, Great Britain, June 1943. 


: CP-511-M5 
Report on the Absorption and Refraction of Electro-Mag= 


netic Waves by the Liquid Water, Water Vapour and Fog or 
Rain, N. F. Mott, OSRD II-5-4936, Reference 43/2881, 
CRB, Sept. 2, 1943. CP-510-M2 
Report on the Absorption of Electromagnetic Waves in the 
Wavelength Range 1-100 Cm by Water in the Atmosphere, 
N. F. Mott, OSRD II-5-4937, Reference 43/2882, CRB, 
Sept. 2, 1943. CP-510-M3 
Verification of Mie Theory, Calculations and Measure- 
ments of Light Scattering by Dielectric Spherical Particles 
(Progress Report), Victor K. LaMer, OSRD 1857, 
OEMsr-148, Service Project CWS-1, Division 10, NDRC, 
Columbia University, Sept. 29, 1943. CP-512-M1 
The Absorption of Centimetric Radiation by Atmospheric 
Gases, J. M. Hough, ADRDE, USWP-WC, Apr. 27, 
1944. CP-510-M4 
Attenuation Due to Water Drops in the Atmosphere, J. M. 
Hough, ADRDE, USWP-WC, Apr. 28, 1944. 
CP-511-M6 
Propagation of K/2 Band Waves, G. E. Mueller, Report 
MM-44-160-150, BTL, July 3, 1944. CP-511-M7 
Preliminary Note on Secure Communications on Milli- 
metre Waves, OSRD WA-2868-3, JEIA 5597, Report 
L/M40/WBL, TRE, Sept. 11, 1944. CP-510-M5 
Rotational Line Width in the Absorption Spectrum of At- 
mospheric Water Vapor and Supplement, Arthur Adel, 
OEMsr-1361, NDRC Division 14 Report 320, University 
of Michigan, Oct. 10, 1944; Supplement Feb. 1, 1945. 
CP-510-M6 
The Absorption of One-Half Centimeter Electromagnetic 
Waves in Oxygen, E. R. Beringer, OHMsr-262, Service 
Project AN-25, Division 14 Report 684, RL, Jan. 26, 
1945. CP-510-M7 
The Effect of Rain on Radar Performance, S. C. Hight, 


274. 


275. 


276. 


277. 


278. 


279. 


280. 


281. 


282. 


283. 


284. 


285. 


286. 


287. 


288. 


289. 


290. 


291. 


BIBLIOGRAPHY 


Report MM~-44-170-50, BTL, Oct. 17, 1944. CP-511-M8 
Measurements of Wave Propagation, G. E. Mueller, Report 
MM45-160-17, BTL, Feb.” 5, 1945. CP-511-M9 
Further Theoretical Investigations on the Atmospheric Ab- 
sorption of Microwaves, John H. Van Vleck, OEMsr-262, 
Service Project AN-25, Division 14 Report 664, RL, 
Mar. 1, 1945. CP-510-M8 
Measurements of the Attenuation of K-Band Waves by 
Rain, G. T. Rado, OBMsr-262, Service Project AN-25, 
Division 14 Report 608, RL, Mar. 7, 1945. 
CP-511-M10 
Altenuation of Centimetre and Millimetre Waves by Rain, 
Hail, Fogs, and Clouds (Draft), J. W. Ryde and D. Ryde, 
OSRD WA-5181-10, Report 8670, GEC, May 18, 1945: 
CP-511-M11 
The Relation Between Absorption and the Frequency De- 
pendence of Refraction (Fourth Conference), John H. Van 
Vleck, OEMsr-262, Division 14 Report 735, RL, May 28, 
1945. (See reference 12.) Div. 14-122.24-M4 
Absorption and Scattering of Microwaves by the Atmos- 
phere (Fourth Conference), Louis Goldstein, Report 
WPG-11, CUDWR, May 1945. (See reference 12.) 
C.V.D. Progress Report for May, 1945. The Absorption of 
K-Band Radiation in Gaseous Ammonia (Part I), Progress 
Report, CVD-CL, May 1945. 
K-Band Attenuation Due to Rainfall, Lloyd J. Anderson, 
J. P. Day, C. H. Freres, John B. Smyth, A. P. D. Stokes 
and L. G. Trolese, Report WP-20, NRSL, June 8, 1945. 
CP-511-M12 
A New Method for Measuring Dielectric Constant and Loss 
in the Range of Centimeter Waves, S. Roberts and Arthur 
R. von Hippel; Wave Guides with Dielectric Sections, L. J. 
Chu, Report 102, MIT, March 1941. CP-521-M1 
The Electrical Properties of Ice, T. A. Taylor and Willis 
Jackson, OSRD W-126-42, Report AC-1516, RDF 110, 
Com. 78, RDF, Dec. 22, 1941. CP-522.13-M1 
The Dielectric Constant and Loss Factor of Water Vapor 
at a Wavelength of 9: Cm, Frequency 3380 Mc/s, J. A. Sax- 
ton, OSRD W-203-2, Paper RRB/S-1, NPL-DSIR 
Mar. 31, 1942. CP-522.12-M1 
The Dielectric Constant of Water Vapour and its Effect wpon. 
the Propagation of Very Short Waves, A. C. Stickland, 
OSRD WA-175-7, Paper RRB/S-2, NPL-DSIR, May 11, 
1942. CP-522.12-M2 
Progress Report on Ultrahigh Frequency Dielectrics, Arthur 
R. von Hippel, OFMsr-191, Division 14 Report 121, 
MIT, Laboratory for Insulation Research, January 1943. 
CP-521-M2 
Conductivities of Sea, Tap and Distilled Water at }\=10 
Cm., L. B. Turner, OSRD WA-649-1, Report M-496, 
ASE, April 1943. CP-522.11-M1 
The Measurement of Dielectri¢ Constant and Loss with 
Standing Waves in Coaxial Wave Guides, Arthur R. von 
Hippel, D. G. Jelatis, and W. B. Westphal, OEMsr- 
191, Division 14, Report 142, M1T, Laboratory for Insu- 
lation Research, April 1943. CP-521-M4 
The Dielectric Constant and Absorption Coefficient of 
Water Vapour for Wavelengths of 9 Cm and 3.2 Cm, 
Frequencies 3,330 and 9,350 Mc/s., J. A. Saxton, Paper 
RRB/S-11, NPL-DSIR, June 14, 1943. CP-522.12-M3 
“Electrical Measurements on Soil with Alternating Cur- 
rents,’ R. L. Smith-Rose, Journal of the Institution of 
Electrical Engineers (London), NPL, Vol. 75, August 
1943, pp. 221-237. CP-522.3-M1 
Memorandum on an Electrical Method of Measuring the 
Dielectric Constant of Atmospheric Air, and Recording 
it Continuously, OSRD WA-1464-7, Report JMRP-8, 
Report M/Memo-15/PEC, TRE, Jan. 6, 1944. 
CP-522.2-M1 
. The Dielectric Constant and Absorption Coefficient of 


293. 


294. 


295. 


296. 


297. 


298. 


299. 


300. 


301. 


302. 


303. 


304. 


305. 


306. 


307. 


308. 


309. 


310. 


523 


Water Vapour for Radiation of Wavelength 1.6 Cm, 
Frequency 18,800 Mc/s., J. A. Saxton, Paper RRB/S.17, 
NPL-DSIR, Apr. 22, 1944. 
The Dielectric Constant of Water and Ice at Centimetre 
Wavelengths (Working Committee), J. M. Hough, 
ADRDE. USWP-WC. Apr. 28, 1944. CP-522.1-M1 
Preliminary Report on the Dielectric Properties of Water 
in the K-Band, C. H. Collie, Report CL Misc. 25, CVD, 
May 1944. 
Recent Dielectric Constant and Loss Tangent Measure- 
ments on X-Band (Radome Bulletin No. 5), Elizabeth 
M. Everhart, OEMsr-262, Division 14 Report 483-5, 
RL, July 14, 1944. CP-522.4-M1 
Div. 14-234.5-M5 
Dielectric Properties of Water and Ice at K-Band, B. L. 
Younker, OEMsr-262, Service Project AN-25, Division 
14 Report 644, RL, Dec. 4, 1944. CP-522.1-M2 
The Interaction Between Electromagnetic Fields and Di- 
electric Materials, Arthur R. von Hippel and R. G. 
Breckenridge, OEMsr-191 Division 14 Report 122, 
MIT, Laboratory for Insulation Research, January, 
1943. CP-521-M3 
The Dielectric Properties of Water at Wavelengths from 
2 Cm to 10 Cm and over the Temperature Range 0° to 40° 
C, J. A. Saxton, OSRD WA-4340-5, Paper RRB/C-115, 
NPL-DSIR, Mar. 20, 1945. CP-522.11-M2 
The Dielectric Properties of Water in the Temperature 
Range 0° C to 40° C for Wavelengths of 1.24 Cm and 
1.58 Cm, J. A. Saxton and J. A. Lane, JEIA 9811, Paper 
RRB/C.116, NPL-DSIR, Mar. 7, 1945. 
The Anomalous Dispersion of Water at Very High Radio 
Frequencies in the Temperature Range 0° to 40° C, J. A. 
Saxton, OSRD WA-4459-8, JEIA 9812, Paper RRB/C- 
118, NPL-DSIR, Apr. 6, 1945. CP-522.11-M3 
Centimeter Wave Propagation over Sea Within the Op- 
tical Range, H. Archer-Thomson, J. C. Dix, F. Hoyle, 
E. C. 8S. Megaw, and M. H. L. Pryce, OSRD W-157-16, 
Report M-398, ASE, January 1942. CP-532.2-M1 
Preliminary Report on the Reflection of 9-Cm Radiation 
at the Surface of the Sea, H. Archer-Thomson, N. Brooke, 
T. Gold, and F. Hoyle, OSRD WA-1131-2, Report M-542, 
ASE, September 1943. CP-532.2-M2 
Comment on the Reflection of Microwaves from the Sur- 
face of the Ocean (Part II), S. O. Rice, Report MM-43- 
210-6, BTL, Oct. 13, 1943. CP-532.2-M3 
S-Band Measurements of Reflection Coefficients for Var- 
tous Types of Earth, E. M. Sherwood, Report 5220.129, 
Sperry Gyroscope Company, Oct. 29, 1943. CP-532.1-M1 
Special Report on the Determination of the Coefficient of 
Reflection of Radio Waves at the Ground by Means of 
Radar Observations, W. Sterling Ament, Report RA- 
3A-212A, NRL, Nov. 10, 1948. CP-532.1-M2 
Scattering, T. L. Eckersley, OSRD WA-2255-1F, JEIA 
3904, Report TR-481, BRL, November 1943. 
CP-512-M3 
Preliminary Measurements of 10 Cm Reflection Co- 
efficients of Land and Sea at Small Grazing Angles, Pearl 
J. Rubenstein and William T. Fishback, Division 14 
Report 478, RL, Dec. 11, 1948. CP-532-M1 
Further Measurements of 3- and 10-Cm Reflection Co- 
efficients of Sea Water at Small Grazing Angles, William 
T. Fishback and Pearl J. Rubenstein, OHMsr-262, Di- 
vision 14 Report 568, RL, May 17, 1944. CP-532.2-M4 
Microwave Propagation Studits, The Reflection of Sound 
Signals in the Atmosphere, Case 37003, File 36691-1, 
F. H. Willis, Report MM-44-160-156, BTL, July 3 
1944. 
Interim Report on Experiments on Ground Reflection at 
a Wavelength of 9 Cm, L. H. Ford, JEIA 4899, Paper 


524 


311. 


312. 


313. 


314. 


315. 


316. 


317. 


318. 


319. 


320. 


321. 


322. 


323. 


324. 


325. 


326. 


‘327. 


328. 


329. 


330. 


BIBLIOGRAPHY 


RRB/C.101, DSIR, July 7, 1944. 
An Experimental Investigation of the Reflection and Ab- 
sorption of Radiation of 9-Cm Wavelength, L. H. Ford 
and R. Oliver, OSRD WA-3386-2, Paper RRB/C-107, 
DSIR, Oct. 27,. 1944. CP-532-M2 
The Measurement of High Reflections at Low Power 
(Radome Bulletin No. 7), Raymond M. Redheffer, 
OEMsr-262, Division 14 Report RL-483-7, RL, Nov. 
20, 1944. CP-531-M3 
Ground Reflection Coefficient Experiments on X-Band, 
Case 20564, W. M. Sharpless, Report MM-44-160-250, 
BTL, Dec. 15, 1944. CP-532.1-M3 
The Reflection Coefficient of a Lincarly Graded Layer, 
OSRD WA-3438-5, Report TR-492, BRL, December 
1942. CP-531-M2 
Reflection and Scattering, T. L. Eckersley, OSRD WA- 
4002-12, Report TR-506, BRL, January 1945. 
CP-532.2-M5 
Reflection from an Inversion, L. E. Beglian and F. J. 
Northover, OSRD WA-4494-14, JEIA 9997, Report 
AC-8210, USW-140, USW, May 24, 1945. CP-531-M5 
Notes on the Comparison of Vertical and Horizontal Po- 
larization in Ground Wave Propagation, G. Millington, 
OSRD WA-1463-5, Report TR/442, BRL, January 
1940. CP-540-M1 
Horizontal and Vertical Polarization, T. L. Eckersley, 
OSRD II-5-5280, Report TR-441, BRL, July 1942. 
CP-540-M2 
The Investigation of Horizontally and Vertically Polar- 
ized Direction Finding on Frequencies of the Order of 
20 to 70 Megacycles per Second, T. L. Eckersley, OSRD 
II-5-5284, Report TR-451, BRL, September 1942. 
CP-540-M3 
Polarization Effects and Aerial System Geometry at Cen- 
timeter Wavelengths, E. C. S. Megaw, H. Archer-Thom- 
son, and E. M. Hickin, Report 8101, GEC, Nov. 26, 
1942. 
Change of Polarization as a Means of Gap Filling, Richard 
A. Hutner, Francis Parker, Bernard Howard, and Joc- 
elyn Gill, Division 14 Report C-7, RL, Dec. 28, 1942. 
CP-540-M4 
Vertical Polarization vs Horizontal Polarization, Ralph 
C. Loring, Tentative Technical Report T-1, CESL, 
Oct. 22, 1943. CP-540-M5 
The Depolarization of Microwaves, M. Kessler, C. E. 
Mandeville and E. L. Hudspeth, Division 14 Report 
458, RL, Nov. 1, 1943. CP-540-M6 
Polarization Studies at S and X Frequencies, O. J. Baltzer, 
W. M. Fairbank, and J. D. Fairbank, OEMsr-262, 
Division 14 Report 536, RL, Mar. 14, 1944. CP-540-M7 
Screening by Hills, H. G. Booker, OSRD WA-1105-8C, 
Report T-1015, TRE, May 1941. CP-231.222-M1 
Diffraction Round a Sphere or Cylinder, G. Millington, 
OSRD II-5-5703, Report TR-433, BRL, March 1942. 
CP-231.21-M1 
Centimeter Wave Transmission Measurements from an Ur- 
ban Site, H. Archer-Thomson, E. M. Hickin, and E. C.S. 
Megaw, Report 8034, GEC, July 28, 1942. 
Report on an Investigation of the Propagation of Centimeter 
Waves over Ridges and Through Trees, R. L. Smith-Rose, 
OSRD WA-772-19, Report AC-4345, Com. 181, NPL, 
June 2, 1943. CP-231.22-M1 
A Note on the Propagation of K-Band Waves Through 
Trees, Case 22098, S. D. Robertson, Report MM-43-160- 
129, BTL, Aug. 138, 1943. CP-231.221-M1 
Report on Further Experiments on the Propagation of 
Centimeter Waves Through Trees in Leaf and over Level 
Ground, OSRD WA-1337-3, Report AC-5059, Com. 197, 
NPL,.Sept. 6, 1943. CP-231.221-M2 


331. 


332. 


333. 


334. 


335. 


336. 


337. 


338. 


339. 


340. 


341. 


346. 


347. 


348. 


349. 


Centimeter Wave Propagation, Notes on the Effect of Ob- 
struction by a Single Tree, R. H. Jennings, E.C.S. Megaw, 
H. Archer-Thomson, and E. M. Hickin, OSRD WA- 
1356-6, Report M-565, ASE, October 1943. 
CP-231.221-M3 
An Experimental Investigation on the Propagation of 
Radio Waves over Bare Ridges in the Wavelength Range 10 
Centimetres to 10 Metres, Frequencies 30 to 3000 Mc/s, 
J. S. McPetrie and L. H. Ford, OSRD WA-1463-17, 
Paper RRB/S-12, NPL-DSIR, Oct. 1, 1943. 
CP-231.222-M2 
Some Observed Effects of Trees upon Microwave Propaga- 
tion, Case 37008, File 36691-1, A. C. Peterson, Report 
MM-43-160-150, Sept. 17, 1943, Revised Oct. 15, 1943. 
CP-231.221-M4 
Effect of Hills and Trees as Obstructions to Radio Propaga- 
tion, Delmer C. Ports, OSRD 3070, OEMsr-1010, Jansky 
and Bailey, November 1943. CP-231.22-M2 
Report on Some Further Experiments on the Effect of Ob- 
stacles on the Propagation of Centimetre Waves, L. H. Ford, 
A.C. Grace, and J. A. Lane, JEITA 3157, Report AC-5876, 
NPL-RD, USW, Jan. 20, 1944. 
Addendum, R. L. Smith-Rose, OSRD WA-3822-12, Re- 
port AC-5876a, NPL, Jan. 1, 1945. CP-231.223-M1 
The Propagation of Ultra Short Waves Round Hills and 
Other Obstacles, T. L. Eckersley, OSRD WA-2884-3, 
JEIA 5674, Report TR-479, BRL, May 1944. 
CP-231.222-M3 
Scattering of Radio Waves by Metal Wires and Sheets, F. 
Horner, JEIA 7793, Paper RRB/C-110, DSIR, Jan. 1, 
1945. 
Some Experiments on the Propagation over Land of Radi- 
ation of 9.2-Cm Wavelength, L. H. Ford, OSRD WA- 
4297-8, Paper RRB/G-113, NPL-DSIR, Feb. 15, 1945. 
CP-231.22-M3 
A Preliminary Study of Ground Reflection and Diffraction 
Effects with Centimetric Radar Equipment, J. S. Hey, F. 
Jackson, and S. J. Parsons, OSRD WA-5062-2, Report 
274, AORG, June 28, 1945. CP-231.21-M2 
Diffraction at Coast Line, Sloping Site, H. G. Booker, 
OSRD WA-986-6c, Report 10, TRE, May 1, 1941. 
CP-233-M2 
Mized Land and Sea Transmissions, T. L. Eckersley, 
OSRD II-5-5515, Report E-16, BRL, October 1941. — 
CP-233-M3 


. Diffraction at Coast Line, Further Numerical Examples, 


H. G. Booker, OSRD WA-92-5d, Report M-35, TRE, 
Feb. 5, 1942. CP-233-M4 


. Coastal Refraction, OSRD II-5-5281, Report TR-436, 


BRL, May 1942. CP-233-M5 


. Propagation of Wireless Waves over Ground of Varying 


Earth Constants (Part Land and Part Sea), G. Millington, 
OSRD II-5-5277, Report TR-440, BRL-Marconi, Ltd., 
July 1942. CP-233-M6 


. Transmission over Ground of Varying Earth Constants, 


OSRD II-5-5457, Report TR-473, BRL, July 1943. 
CP-233-M8 

Diffraction at Coast Line (Appendix to Report on Siting 
of RDF Stations), H. G. Booker, OSRD WA-986-6b, 
Report 6, TRE, Jan. 27, 1944. CP-233-M1 
Siting and Coverage of Ground Radars, EK. J. Emmerling 
OEMsr-1207, Report WPG-10, CUDWR, May 1945. 
(See reference 12.) CP-202.4-M6 
Scattering and Spurious Echoes, T. L. Eckersley, OSRD 
II-5-5275, Report TR-437, BRL, April 1942. 

CP-621.7-M1 
Reflection of 10-Cm Radiation by Model Aircraft, A. F. 
Phillips, Christchurch Report 174, ADRDE, Sept. 8, 
1942. 


350. 


351. 


352. 


353. 


354. 


355. 


356. 


357. 


358. 


359. 


360. 


361. 


362. 


363. 


364. 


365. 


366. 


367. 


368. 


369. 


370. 


371. 


BIBLIOGRAPHY 


Elementary Survey of Scattering and Echoing by Elevated 
Targets, H. G. Booker, Report M/48/HGB, TRE, 
December 1942. 
The Resolution of Composite Echoes with Centimeter Wave 
R.D.F., J. R. Benson, J. A. Ramsay, and P. B. Blow, 
OSRD WA-1789-2, Report 4070/C/104, CAEE, Feb. 10, 
1943. CP-623-M3 
Microwave Radar Reflection, J. F. Carlson and §, A. 
Goudsmit, Division 14 Report 43-23, RL, Feb. 20, 1943. 
CP-623-M4 
Reflection of Radar Waves from Targets of Simple Geomet- 
ric Form, Lloyd J. Anderson, John B. Smyth, and F. R. 
Abbott, BuShips Problem X4-49CD, Report WP-3, 
NRSL, Feb. 24, 1943. CP-612.4-M1 
Radar Echoes from Periscopes, John E. Freehafer, Divi- 
sion 14 Report 42-1, RL, Mar. 1, 1943. CP-622.1-M1 
Radar Echoes from Atmospheric Phenomena, Arthur E. 
Bent, Division 14 Report 42-2, RL, Mar. 13, 1943. 
CP-621.1-M1 
Echoes Produced by Perfectly Conducting Objects of Certain 
Simple Shapes in Free Space, R. E. B. Makinson OSRD 
II-5-5691, Report RP-173, CSIR, Mar. 25, 1943. 
CP-622.5-M1 
Gratings and Screens as Microwave Reflectors, Division 14 
Report 54-20, RL, Apr. 1, 1943. CP-611-M 1 
Report on an Investigation into the Nature of Sea Echoes, 
OSRD WA-1142-3, Report T-1497, TRE, May 12, 1943. 
CP-621.6-M1 
The Application of Corner Reflectors to Radar (Theoreti- 
cal), R. D. O'Neil, F. S. Holt, and Prescott D. Crout, 
Division 14 Report 43-31, RL, May 14, 1943. 
CP-611.1-M1 
The Application of Corner Reflectors to Radar (Expert- 
mental), R. D. O'Neil, Division 14 Report 55-4, RL, 
July 1. 1943. CP-611.1-M2 
Measurement of the Effective Echoing Areas of Various 
Aircraft, Ross Bateman, Report ORG-P-8-1, OCSO, July 
2, 1943. CP-622.3-M1 
Overwater Observations at X and S Frequencies on Surface 
Targets, O. J. Baltzer, V. A. Counter, W. M. Fairbank, 
W. O. Gordy, and E. L. Hudspeth, Division 14 Report 
401, RL, July 26, 1943. CP-612.3-M1 
Towed Radar Targets, G. A. Armstrong and G. H. Beech- 
ing, OSRD WA-1012-2, Research Report 212, ADRDE, 
Aug. 6, 1943. CP-612.2-M1 
Corner Reflector Tests at Langley Field, C. M. Gilbert, 
Division 14 Report 402, RL, Aug. 6, 1943. 
CP-611.1-M3 
Properties of Corner Reflectors, Case 22098, S. D. Robert- 
son, Report MM-43-160-130, BTL, Aug. 12, 1943. 
CP-611.1-M4 
‘Use of Corner Reflectors as IFF on Ships, OSRD II-5- 
5680, Operational Research Report 24, Australian ORS 
and CSIR-RL, Aug. 30, 1943. CP-611.1-M5 
An Investigation into the Nature of Sea Echoes, A. C. 
Cossor, Ltd., JEIA 1221, Report MR-109, Research De- 
partment Myra Works, London E10, Sept. 8, 1943. 
The Scattering of Radiation from Rectangular Planes, 
Half-Cylinders, Hemispheres, and Airplanes, Contract 
W-2279sc-551, Item 3, Moore School of Engineering, 
University of Pennsylvania, Oct. 12, 1943. CP=512-M2 
On the Appearance of the A-Scope when the Pulse Traveis 
Through a Homogeneous Distribution of Scatterers, A. J. F. 
Siegert, Division 14, Report 466, RL, Nov..9, 1943. 
Div. 14-124.2-M2 
On the Fluctuations in Signals Returned by Many Inde- 
pendently Moving Scatterers, A. J. F. Siegert, Division 14 
Report 465, RL, Nov. 12, 1943. Div. 14-122.113-M7 
The Use of Permanent Echo Amplitudes for Monitoring 
S-Band Radar Equipment, ¥. J. Kerr and J. F. McCon- 


372. 


373. 


374. 


375. 


376. 


377. 


378. 


379. 


380. 


381. 


382. 


383. 


384. 


385. 


386. 


387. 


388. 


389. 


390. 


391. 


392. 


525 


nell, OSRD II-5-5750, Report RP-177/2, CSIR-RL, 
Dec. 7, 1943. CP-623-M5 
The Range Calculator, 8. J. Mason, Division 14 Report 
497, RL, Dec. 20, 1943. CP-202,.4-M2 
The Performance of 10-Cm Radar on Surface Craft, B. F. 
Schonland, OSRD WA-1570-39, Report 155, AORG, 
Jan. 3, 1944. CP-202.312-M1 
Special Report on Radar Cross Section of Ship Targets, 
Martin Katzin, Report RA-3A-213A, NRL, Jan. 24, 
1944. CP-612.1-M1 
Observations of Life Rafis Equipped with Corner Re- 
flectors, Emmett L. Hudspeth and John P. Nash, Divi- 
sion 14 Report 533, RL, Feb. 15, 1944. CP-611.1-M6 
Radar Cross Section of Ship Targets (Part II), W. Sterling 
Ament, Martin Katzin, and F. C. MacDonald, Report 
R-2232, NRL, Feb. 18, 1944. CP-612.1-M1 
Optical Theory of the Corner Reflector, R. C. Spencer, 
OEMsr-262, Division 14 Report 433, RL, Mar. 2, 1944. 
CP-611.1-M7 
Observations on Signal Stability at S and X Frequencies, 
Otto J. Baltzer, Jr., William M. Fairbank, and J. D. 
Fairbank, OEMsr-262, Division 14 Report 537, RL, 
Mar. 14, 1944. CP-632-M1 
Interim Report on the Recognition of Radar Echoes, F. E. 
S. Alexander, OSRD II-5-5796(S), JEIA 3401, Report 
RD-1/353, RDL-DSIR, NZ, Mar. 20, 1944. CP-623-M6 
Screened and Unscreened Radar Coverage for Surface 
Targets, W. Walkinshaw and J. B. Curran, OSRD WA- 
2284-2, Report T-1666, TRE, Mar, 1944, CP-612.3-M2 
The Performance of Naval Radar Systems Against Air- 
craft, F. Hoyle, OSRD WA-2255-1o, Report JETA-3902, 
ASE, Apr. 3, 1944. CP-202.11-M2 
Preliminary Report on the Fluctuations of Radar Signals, 
H. Goldstein and Paul D. Bales, OEMsr-262, Division 
14 Report 569, RL, May 16, 1944. CP-632-M2 
Radar Ranging on Land Targets, OSRD II-5-6178(S), 
Memorandum 101/G-36/ALH, TRE, May 18, 1944. 
CP-202.4-M3 
The Radar Echoing Power of Conducting Spheres, T. 
Pearcey, and J. M. C. Scott, OSRD WA-2334-6, Report 
CR-228, ADRDE, May 24, 1944. CP-623-M7 
Use of Corner Reflectors in Beaconry, F. J. Kerr, OSRD 
II-5-6145(S), JEIA 5180, Report RP-200, CSIR-RL, 
June 8, 1944. CP-611.1-M8 
Calibration and Standardization of Land Based Radars by 
the Use of Small Plane Targets, F. R. Abbott, BuShips 
Problem X4-49CD, Report, WP-12, NRSL, June 10, 
1944. CP-612.5-M1 
Test of the Pre-Production Model Corner Reflector, Final 
Report of Project E-44-37, Alvin E. Hebert and C. B. 
Overacker, AAF Board Project (M-3) 69-Eglin Field, 
Fla., Report 413.44/R387.1, Intel. Br. OCSO-USA, 
June 17, 1944. CP-611.1-M9 
Radar Cross Section of Ship Targets (Part III), W. Sterl- 
ing Ament, Martin Katzin, and F. C. MacDonald, Re- 
port R-2295, NRL, June 27, 1944. CP-612.1-M1 
Notes on Echoes and Atmospherics from Lightning Flashes 
on P Band, J. L. Pawsey, OSRD II-5-6144(S), JEIA 
5177, Report RP-49-2, CSIR-RL, July 11, 1944. 
CP-621.3-M1 
Theory of Ship Echoes as Applied to Naval RCM Opera- 
tions, T. S. Kuhn and Peter J. Sutro, OEMsr-411, Re- 
search Project RP-186, Report 411-93, Harvard Uni- 
versity, RRL, July 14, 1944. Div. 15-221.11-M2 
Radar Echoes from the Nearby Atmosphere, Case 7003-4, 
Millard W. Baldwin, Jr., Report MM-44-150-2, BTL, 
July 18, 1944. CP-621-M1 
Radar Cross Section of Ship Targets (Part IV), W. Sterl- 
ing Ament, Martin Katzin, and F. C. MacDonald, Re- 
port R-2332, NRL, July 21, 1944. CP-612.1-M1 


526 


393. 


394. 


395. 


396. 


397. 


398. 


399. 


400. 


401. 


402. 


403. 


404. 


405. 


406. 


407. 


408. 


409. 


410. 


411. 


412. 


BIBLIOGRAPHY 


Radar Echoes from the Nearby Atmosphere, Second Report, 
Case 37008-4, Millard W. Baldwin, Jr., Report MM-44- 
150-3, BTL, July 31, 1944. CP-621-M1 
Reflecting Properties of Metal Gratings, J. S. Gooden, 
OSRD II-5-6230(S), Report RP-215, CSIR-RL, July 
31, 1944. CP-611-M2 
Theory of the Performance of Radar on Ship Targets 
(ADRDE and CAEE Joint Report), M. V. Wilkes, J. A. 
Ramsay, and P. B. Blow, OSRD WA-2843-10, ADRDE 
Reference R04/2/CR252, CAEE Reference 69/C/149, 
July 1944. CP-612.1-M2 
Corner Reflectors for Life Rafts, Emmett L. Hudspeth and 
John P. Nash, OEMsr-262, Division 14 Report 608, RL, 
Aug. 1, 1944. CP-611.1-M10 
The Characteristics of S-Band Aircraft Echoes with Par- 
ticular Reference to Radar A.A. No. 3 MK. II. G. H. 
Beeching and N. Corcoran, OSRD WA-2812-13, Re- 
search Report 253, ADRDE, Aug. 4, 1944. 
CP-622.3-M2 
Radar Echoes from the Nearby Atmosphere, Third Report, 
Case 37003-4, Millard W. Baldwin, Jr., Report MM-44- 
150-4, BTL, Aug. 11, 1944. CP-621-M1 
Considerations Concerning Radar Coverage Diagrams, 
J. L. Pawsey, OSRD II-5-6229(S), Report RP-217, 
CSIR-RL, Aug. 14, 1944. CP-202.4-M5 
RDF Echoes to be Expected from Objects of Various Shapes, 
OSRD WA-6-21, Extra Mural Res. F.72/80, Report 26, 
Ministry of Supply, DSR. CP-622.5-M2 
Radar Echoes from Shells Bursts at 4 Meters and 50-Cm 
Wavelengths, S. M. Taylor and F. E. W. Bugler, Research 
Report 260, RRDE, Oct. 9, 1944. CP-622.4-M1 
Summer Storm Echoes on Radar MEW, J. S. Marshall, 
R. C. Langille, William M. Palmer, R. A. Rodgers, G. P. 
Adamson, and F. F. Knowles, Report 18, CAORG, Nov. 
27, 1944. CP-621.1-M2 
The Cancellation of Permanent Echoes by the Use of Co- 
herent Pulses (Interim Report), H. Grayson, OSRD WA- 
3482-7C, Technical Note RAD-253, RAE, November 
1944. CP-623-M8 
The Fading of S-Band Echoes from Ships in the Optical 
Zone, R. I. B. Cooper, OSRD WA-3677-8, Research 
Report 265, Dec. 12, 1944. CP-622.2-M3 
Rotating Corner-Reflectors for Ship Identification, Julian 
M. Sturtevant, OEMsr-262, Division 14 Report 654, 
RL, Jan. 1, 1945. CP-611.1-M11 
Reflection from Smooth Curved Surfaces, R. C. Spencer, 
OEMsr-262, Division 14, Report 661, RL, Jan. 26, 1945. 
CP-531-M4 
Analysis of Over-Water Tracking, Elizabeth J. Campbell, 
OEMsr-262, Service Project NO-166, Division 14 Report 
695, RL, Feb. 12, 1945. CP-202.12-M1 
Technical Report on the Maximum Range of Detection of 
the German Early Warning Radar Equipment, Especially 
when Viewing Large, Tight Formations of Bomber Air- 
craft, W. E. Bales and K. A. Norton, Report OAD-13, 
ORS, VIII Bomber Command OCSO, Sept. 13, 1943. 
CP-202.4-M1 
Performance Checks and Estimation of Vessel Size on 
Short-Based 10-Cm Radar Sets, D. Lack, OSRD WA- 
1992-3, JEIA 3124, AORG, Mar. 30, 1944. 
CP-622.2-M1 
Report of Trials to Determine the Variations of the Appar- 
ent Reflecting Point of Plain 10-Cm Waves from a Destroyer, 
J. F. Coales and M. Hopkins, OSRD WA-3702-1, Report 
M-627, ASE, July 1944. CP-622.2-M2 
The Reflection of Electromagnetic Waves by Long Wires and 
Non-Resonant Cylindrical Conductors, J. M. C. Scott and 
T. Pearcey, JEIA 7286, Research Report 259, RRDE, 
Noy. 18, 1944. 
Theory of Radar Return from the Schnorkel. P. M. Marcus, 


413. 


414. 


415. 


416. 


417. 


418. 


419. 


420. 


421. 


422. 


423. 


424. 


425. 


426. 


427. 


428. 


429. 


430. 


431. 


432. 


OEMsr-262, Division 14 Report 671, RL, Jan. 15, 1945. 
CP-622.1-M2 
Sea Returns and the Detection of Schnorkel, G. G. Mac- 
farlane, OSRD WA-4196-8, JEIA 8643, Report T-1787, 
TRE, Feb. 18, 1945. (See reference 418.) CP-622.1-M3 
Interservice KXS-Band Radar Trials; Over Water Per- 
formance Against Surface Targets, J. A. Ramsay, P. B. 
Blow, and H. J. Worsdall, JEIA 8820, Report M-688, 
ASE, February 1945. CP-612.3-M3 
An Observation of Diffuse Cloud-Like Echoes, J. L. Paw- 
sey and F. J. Kerr, OSRD II-5-7007(S); Report RP-246, 
CSIR-RL, Mar. 6, 1945. CP-621.4-M1 
The So-Called Standard Target, A. H. Brown, OEMsr- 
262, Division 14 Report S-48, RL, Mar. 10, 1945. 
CP-612.6-M1 
Radar Cross Section of Ship Targets (Part V), F. C. Mac- 
Donald, Report R-2466, NRL, Mar. 12, 1945. 
CP-612.1-M1 
Radar Results Against Schnorkels: A Commentary on TRE 
T-1787, Sea Returns and the Detection of Schnorkel, OSRD 
WA-4276-5, JEIA 9111, Report 338, ORS/CC, Mar. 16, 
1945. (See reference 413.) CP-622.1-M4 
Radar Echoes from Clouds of Water Droplets, F. Hoyle, 
Report AC-7930, Report 128, USW, Mar. 16, 1945. 
Comments on Radar Echoes from Water Droplets, (Paper 
AC-7930, USW Report 128), R. G. Ross, OSRD WA- 
4149-10, Paper AC-7931, Report 129, USW, Mar. 16, 
1945. CP-621.2-M1 
Radar Cross Section of Ship Targets (Part V1) W. J. Barr, 
Report R-2467, NRL, Apr. 10, 1945. | CP-612.1-M1 
S-Band Radar Echoes from Snow, R. C. Langille, J. S. 
Marshall, William M. Palmer, and L. G. Tibbles, Report 
26, CAORG, June 14, 1945. CP-621.5-M1 
Surface Coverage of Some Shipborne Radar Sets on S, X, 
and K Bands, J. D. Fairbank and W. M. Fairbank, 
OEMsr-262, Service Projects NS-234 and NS-175, Divi- 
sion 14 Report 720, RL, June 15, 1945. CP-202.4-M7 
Echoes from Tropical Rain on X-Band Airborne Radar, 
Arthur E. Bent, OEMsr-262, Division 14 Report 728, 
RL, June 15, 1945. CP-621.2-M2 
Analysis of Storm Echoes in Height Using MHF, J. 8. 
Marshall, L. G. Eon, and L. G. Tibbles, Report 30, 
CAORG, June 25, 1945. CP-621.1-M3 
See also: Radar Camouflage, Division 14 Report 766, RL, 
July 16, 1945. CP-633-M1 
3000-Megacycle Communication, H. H. Beverage, 
OEMsr-32, NDRC Projects SC-13 and PDRC-90, RCA, 
Mar. 10, 1942. CP-203.1-M1 
Microwave Telephone, Part I Omnidirectional, Part II, 
Directional, OEMsr-442, NDRC Projects C42 and 
SC-13, RCA, Mar. 22, 1943. CP-203.1-M2 
Factors Determining the Range of Radio Communications 
in the Various Theaters of Operation, Jack W. Herbstreit, 
Report ORG-P-14-1, OCSO, June 3, 1943. CP-732-M1 
Radiotelephone Communication on 3000 Megacycles, Paul 
A. Anderson, K. E. Fitzsimmons, C. L. Barker, and S. T. 
Stephenson, OEMsr-728, NDRC Research Project 
PDRC-647, Division 14 Report 152, Report 2, Wash- 
ington State College, June 12, 1943. CP-203.1-M3 
An Analysis of the Effect of Frequency on Short Distance 
Radio Communications, Ross Bateman and William Q. 
Crichlow, Report ORB-P-15-1, OCSO, Aug. 18, 1943. 
CP-732.1-M1 
Use of the 25- to 50-Mc/s Band for Short Range Wireless 
Communication, OSRD WA-1022-3, Report 130, AORG, 
Aug. 27, 1943. CP-732.1-M2 


Trials with a 250-Watt Frequency-Modulated VHF Sender 
Across a Sea Water Path Beyond the Optical Range, G. W. 
Higgins and W. H. Hill, OSRD WA-1352-5, Report 878, 
SRDE, September 1943. CP-712-M1 


433. 


434. 


435. 


436. 


437. 


438. 


BIBLIOGRAPHY 


Radio Communication in Jungles, Arthur C. Omberg, 
Report ORG-2-1, OCSO, Sept. 1, 1943. CP-711-M1 
Measurement of Faclors Affecting Jungle Radio Com- 
munication, Jack W. Herbstreit and William Q. Crich- 
low, Report ORB-2-3, OCSO, Nov. 10, 1943. 
CP-711-M2 
Methods for Improving the Effectiveness of Jungle Radio 
Communication, Technical Bulletin Sig. 4, U.S. War 
Department, Jan. 14, 1944. CP-711-M3 
Survey of Existing Information and Data on Atmospheric 
Noise Level over the Frequency Range 1-30 Mc/s, H. A. 
Thomas and R. E. Burgess, OSRD WA-3201-2, JEIA 
2815, Paper RRB/C-90, DSIR, Feb. 21, 1944. 
CP-732-M2 
Methods of Reducing Radar Interference to Communication, 
Arthur C. Omberg, Joseph B. Epperson, and William Q. 
Crichlow, Report ORB-E-27-2, OCSO, Apr. 19, 1944. 
CP-731-M1 
The Application of Passive Repeaters to Point to Point 
Communication at VHF and UHF, Ross Bateman, Re- 
port ORB-P-20-1, OCSO, Apr. 29, 1944. |. CP-721-M1 


439a.Summary of Radio Propagation Problems in Southwest 


Pacific Area, W. C. Babcock, JEIA.6298, Report US/ 
413.44/R113, Intel. Br: OCSO, Sept. 6, 1944. 
CP-713-M1 


439b.Point to Point Communication in MF and Via Ground 


440 


10. 


11. 


12. 


13. 


14. 


Wave Propagation, W. C. Babcock, JEIA 6770, Report 
413.44/R423.4, Intel. Br. OCSO-SWPA, Aug. 15, 1944. 
. Measurements of Factors Affecting Radio Communication 
& Loran Navigation in SWPA, Ross Bateman, Jack W. 


44). 


442. 


443. 


444, 


445. 


446. 


447. 


448. 
449. 


450. 


527 


Herbstreit, and Robert B. Zechiel, Report ORB-244, 
OCSO, Dec. 16, 1944. CP-713-M2 
Field Trials of Ultra Short Wave Frequency and Amplitude 
Modulated Multichannel Radio Telephone Systems, A. W. 
Pearson, W. J. Bray, J. H. H. Merriman, R. W. White, 
J. G. Hobbs, C. H. Gibbs, and H. Prain, Radio Report 
1115, POED, Mar. 27, 1944. 

Physics of the Air, W. J. Humphreys, McGraw-Hill Book 
Co., 1940, p. 457. 

Ergebnisse der Exakten Naturwissenshaflten, H. Plendl 
and G. Kckart, Berlin, 17, 1938, p. 334. 

“Reflection of Waves in an Inhomogeneous Absorbing 
Medium,” P. S. Epstein, Proceedings of the National 
Academy of Sciences, 16, 1930, p. 627. 

“Penetration of a Potential Barrier by Electrons,” Carl 
Kekart, The Physical Review, 35, 1930, p. 1303. 

“The Relation of Drop Size to Intensity,” J. O. Laws 
and D. A. Parsons, Transactions of the American Geo- 
physical Union, 1943, p. 452. 

“Ultra Short Wave Propagation,” I. C. Schelleng, Chas. 
R. Burrows, and E. B. Ferrell, Bell System Technical 
Journal, April 1938. (See reference 24.) 

Report JANP 102, Joint Communications Board. 

“On the Connection Formulas and the Solutions of the 
Wave Equation,” R. E. Langer, The Physical Review, 51, 
1937, p. 670. 

Treatise on Theory of Bessel Functions, George Neville 
Watson, Cambridge University Press, Second Edition, 
1944. 


VOLUME 2 


Chapter 1 


. Beitraege zur Physik der Freien Atmosphere, P. Mildner, 


1932, p. 51. 


. Geophysical Memoirs, Giblett and others, No. 54. 
. Proceedings of the Royal Society of London, O. G. Sutton, 


1932, p. 143. 


. Geophysical Memoirs, No. 65. 


Quarterly Journal of the Royal Meteorological Society, 
O. G. Sutton, 1936, p. 125. 


. Quarterly Jqurnal of the Royal Meteorological Society, 


H. V. Sverdrup, 1936, p. 461. 


. MIT Papers, Rossby and Montgomery, 1934. 
. Quarterly Journal of the Royal Meteorological Society, 


O. G. Sutton, 1937, p. 105. 


. Wired Sonde Equipment for High Altitude Soundings, 


Lloyd J. Anderson, BuShips Problem X4-49CD, Report 
WP-16, NRSL, Nov. 17, 1944. CP-341-M2 
The Captive Radiosonde and Wired Sonde Techniques for 
Detailed Low-Level Meteorological Sounding, Paul A. 
Anderson, C. L. Barker, K. E. Fitzsimmons, and S. T. 
Stephenson, OEMsr-728, Research Project PDRC-647, 
Division 14 Report 192, Report 3, Washington State 
College, Oct. 4, 1943. CP-341-M1 
The Dielectric Constant of Water Vapour and its Effect 
upon the Propagation of Very Short Waves, A. C. Stickland, 
OSRD WA-175-7, Paper RRB/S-2, NPL-DSIR, May 11, 
1942. CP-522.12-M2 
Lehrbuch der Meteorologie, Funfte Auflage, J. Hann and 
R. Suring, 1939. 

“On Temperature and Humidity Observations Made at 
Allahabad,” S. A. Hill, Indian Meteorological Memoirs, 
4, Part 6, 1889. 

“Kin Beitrag zur Kenntnis der Temperatur und Feuchtig- 
keitsverhaltnisse in Verschiedener Hohe uber dem Erd- 


15. 


22. 


23. 


24. 


25. 


26. 


boden,” K. Knoch, Veréffentlichungen des Kéniglichen 
Preussischen, Meteorologischen Institute, Abhandlungen, 
3, No. 2, 1909. 

“An Investigation of the Lapse Rate of Temperature in 
the Lowest Hundred Meters cf the Atmosphere,” N. K. 
Johnson and G. S. P. Heywood, Geophysical Memoirs, 
No. 77, 1938. 


. Walter M. Elsasser, NDRC Propagation Memorandum. 


Atmospheric Waves, Fluctuations in High Frequency Radio 

Waves, L. G. Trolese and John B. Smyth, BuShips Prob- 

lem X4-49CD, Report WP-18, NRSL, Feb. 1, 1945. 
CP-225-M1 


. Dynamic Meteorology, Bernhard Haurwitz, McGraw-Hill 


Book Co., 1941. 
Ibid., p. 286. 


. Tbid., p. 288. 

. Meteorologische Zeitschrift, Bernhard Haurwitz, 1931. 

. Monthly Weather Review, W. C. Jacobs, 65, No. 9, 1947. 
. “Microbarometric Oscillations at Blue Hill,” Bernhard 


Haurwitz, R. Stone, and C. F. Brooks, Bulletin of the 
American Meteorological Society, 16, Nos. 6-7, 1935, 
pp. 153-159. 

Wissenschaflliche Ergebnesse der Deutschen Atlantischen 
Expedition auf dem Forschungs-und Vermessungsschif,, 
Meteor, 1925-1927, 15, Berlin Leipsig, 1933. 

Qualitative Survey of Meteorological Factors Affecting Micro- 
wave Propagation, I. Katz and J. M. Austin, OE Msr-262, 
Division 14 Report 488, RL, June 1, 1944. CP-311-M3 
“Die Passatinversion,’ von Ficker, Verdéffentlichungen 
des Meteorologischen Instituts der Universitat, Berlin, 1, 
No. 3, 1936. 

Modified Index Distribution Close to the Ocean Surface, 
R. B. Montgomery and Robert H. Burgoyne, OEMsr-262, 
Division 14 Report 651, RL, Feb. 16, 1945. CP-222.2-M1 
Results of Low Level Atmospheric Soundings in the South- 


528 


27. 


28. 


= 


N 


go 


BIBLIOGRAPHY 


west and Central Pacific Ocean Areas, Paul A. Anderson, 
K. E. Fitzsimmons, G. M. Grover, and 8. T. Stephenson, 
OEMsr-728, Research Project PDRC-647, NDRC Report 
9, Washington State College, Feb. 27, 1945. CP-335-M4 
Atlas of Climatic Charts of the Oceans, W. F. McDonald, 
U.S. Dept. of Agriculture, Weather Bureau, 1938. 
Almospheric Refraction, A Preliminary Qualitative Inves- 
tigation, Lloyd J. Anderson, F. P. Dane, J. P. Day, R. F. 
Hopkins, L. G. Trolese, and A. P. D. Stokes, BuShips 
Problem X4-49CD, Report WP-17, NRSL, Dec. 28, 1944. 
CP-222-M9 


Chapter 2 


. Bureau of Standards Journal of Research, Diamond, 


Hinman, F. W. Dunmore, and Lapham. 25, 1940, p. 328. 
Bureau of Standards Journal of Research, D. N. Craig, 
21, 1938, p. 225. 

Bureau of Standards Journal of Research, ¥. W. Dunmore, 
23, 1939, p. 702. 

Instruments and Methods for Measuring Temperature and 
Humidity in the Lower Atmosphere, I. Katz, OKMsr-262, 
Service Project SC-8, Division 14 Report 487, RL, 
Apr. 12, 1944. CP-344-M2 
The Captive Radiosonde and Wired Sonde Techniques for 
Detailed Low-Level Meteorological Sounding, Paul A. 
Anderson, C. L. Barker, K. E. Fitzsimmons, and S. T. 
Stephenson, OEMsr-728, Research Project PDRC-647, 
Division 14 Report 192, Report 3, Washington State 
College, Oct. 4, 1943. CP-341-M1 


5a. Report of Second Propagation Conference, February 10 to 


5b. 


10. 


11. 


wo 


11, 1944 at the Empire State Building, New York, OEMsr- 
1207, CUDWR-WPG, February 1944, p. 38. CP-100-M2 


. Notes on Operational Use of Low-Level Meteorological 


Sounding Equipment, K. E. Fitzsimmons, S. T. Stephen- 
son, and Robert W. Bauchman, OEMsr-728, Research 
Project PDRC-647, Report 7, Washington State College, 
June 15, 1944. CP-342-M2 
Operating Instructions for the WSC Low-Level Atmospheric 
Sounding Equipment, Paul A. Anderson, OEMsr-728, 
Research Project PDRC-647, Report 8, Washington State 
College, July 10, 1944. CP-342-M3 
Journal of Scientific Instruments, P. A. Sheppard, 17, 1940, 
p. 218. 
A Remote Indicating Cup Anemometer with Magnetic 
Coupling, Roscoe G. Dickinson and Douglas L. Kraus, 
OSRD 3714, NDCre-137 and OEMsr-861, Service Project 
CWS-26, NDRE Division 10, CIT, Apr. 10, 1944. 

Div. 10-301.1-M2 
Geophysical Memoirs, N. K. Johnson, No. 46, 1929. 
Propagation and Reflection Characteristics of Radio Waves 
as Affecting Radar, W. G. Michels and W. C. Pomeroy, 
Service Project (M-3) 11a, U.S. Army Air Forces Board, 
Orlando, Fla., Jan. 31, 1944. CP-531-M1 
Balloon Psychrometer for the Measurement of the Relative 
Humidity of the Atmosphere at Various Heights (and 
Addendum), S. M. Doble and S. Inglefield, OSRD II-5- 
5079(S) and OSRD II-5-5080(8), ICI, Apr. 1, 1943; 
Addendum Sept. 25, 1943. CP-344-M1 
Report of Friez Instrument Division Bendix Aviation Corp., 
to the Bureau of Ships, May 1944. CP-342-M1 


Chapter 3 


K-Band Rain and Water-Vapor Attenuation over Tokyo, 
Arthur E. Bent and E. M. Purcell, Division 14 Report, RL. 


. Modified Index Distribution Close to the Ocean Surface, 


R. B. Montgomery and Robert H. Burgoyne, OEMsr-262, 
Division 14 Report 651, RL, Feb. 16, 1945. 
CP-222.2-M1 


. Determination of a Suitable Method of Forecasting Radar 


Propagation Variations over Water, Tests Conducted by 
26th Weather Region, Orlando, Florida, J. R. Gerhardt 
and William E. Gordon, Service Project 4252R000.77, 
U.S. Army Air Forces, Mar. 10, 1945. CP-425-M1 


4. 


5. 


19. 


21. 


Tropospheric Propagation and Radio Meteorology, Report 
WPG-5, CUDWR-WPG, September 1944. 

Preliminary Instruction Manual, Weather Forecasting for 
Radar Operations, Report 614, U. S. Army Air Forces, 
Weather Division, March 1944. CP-410-M4 


. Variations in Radar Coverage, Report JANP-101, Joint 


Communications Board June 1, 1944. CP-202.4-M4 
Earlier edition: IRPL T-1, CUDWR-WPG, May 1944. 
CP-202.5-M1 


. Tropospheric Weather Factors Likely to Affect Super-refrac- 


tion of VHF-SHF Radto Propagation as Applied to the 
Tropical West Pacific, H. Dillon Smith and R. D. Fletcher, 
Report RP-1, U.S. Department of Commerce, Weather 
Bureau, July 1, 1944. CP-424-M1 


. Nomograms for Computation of Modified Index of Refrac- 


tion, Robert H. Burgoyne, OEMsr-262, Division 14 
Report 551, RL, Apr. 6, 1945. CP-222.1-M7 


. Tables for Computing the Modified Index of Refraction M, 


E. R. Wicher, Report WPG-8, CUDWR, March 1945. 


. Elements of Radio Meteozological Forecasting, H. G. 


Booker, Report T-1621, Mathematics Group, TRE, 
Malvern, Feb. 14, 1944. CP-410-M3 


. World Atlas of Sea Surface Temperatures, Hydrographic 


Office, No. 225, 1944. 


. Atlas of Climatic Charts of the Oceans, P. W. Kenworthy, 


U. S. Weather Bureau, 1938. 


. Monthly Meteorological Chants of the Western Pacific Ocean, 


Marine Branch of the Meteorological Office, British Air 
Ministry, London, England. 


. Climatic Atlas of Japan and Her Neighboring Countries, 


United States Navy Reprint, 1943. 


. Climatic Atlas for Alaska, Report 444, Weather Bureau 


Information Branth, Headquarters Army Air Forces. 


. Third Conference on Propagation, Washington, D. C. [on] 


November 16 to 18, 1944, NDRC CUDWR-WPG, 1945, 
pp. 5-6. CP-100-M4 


. Effect of Meteorological Conditions at Saipan upon Radar 


Coverage, JELA Survey Report 8888, Dec. 5, 1944. 


. Results of Low Level Atmospheric Soundings in the South- 


west and Central Pacific Oceanic Areas, Paul A. Anderson, 
K. E. Fitzsimmons, G. M. Grover, and S. T. Stephenson, 
OEMsr-728, Research Project PDRC-647, Report 9, 
Washington State College, Feb. 27, 1945. CP-335-M4 
Preliminary Instruction Manual of Weather Forecasting 
for Radar Operations in South West Pacific Areas, D. F. 
Martyn and P. Squires, Report RP-220, CSIR-RL, 
Sept. 4, 1944, p. 46. CP-424-M2 


. The Air Defense System of the Near Islands, Thomas J. 


Carroll, Report OAD-55, U.S. Army Air Forces, Eleventh 
Air Force, OCSO, Operational Analysis Division, Aug. 
30, 1944. CP-202.1-M5 
The Coincidence of Temperature Inversions and Non- 
Standard Radar Propagation and Reflection, Report JEIA 
8366. 


Chapter 4 


. Interim Report on Experiments on Ground Reflection at a 


Wavelength of 9 Cm, L. H. Ford, RRB/C-101 or JEIA 
4899, DSIR, July 7, 1944. 


. An Experimental Investigation of the Reflection and Ab- 


sorption of Radiation of 9-Cm Wavelength, L. H. Ford and 
R. Oliver, OSRD WA-3386-2, Report RRB/C-107, 
DSIR, Oct. 27, 1944. CP-532-M2 


. S-Band Measurements of Reflection Coefficients for Various 


Types of Earth, E. M. Sherwood, Report 5220.129, Sperry 
Gyroscope Company, Oct. 29, 1943. CP-532.1-M1 


. Centimeter Wave Propagation over Sea within the Optical 


Range, H. Archer-Thomson, J. C. Dix, F. Hoyle, E. C. 8. 
Megaw, and M. H. L. Pryce, OSRD W-157-16, Report 
M-398, ASE, January 1942. CP-532.2-M1 


. Preliminary Report on the Reflection of 9-Cm Radiation 


at the Surface of the Sea, H. Archer-Thomson, N. Brooke, 


10. 


for] 


BIBLIOGRAPHY 


T. Gold, and F. Hoyle, OSRD WA-1131-2, Report M-532, 
ASE, September 1943. CP-532,2-M2 
Preliminary Measurements of 10-Cm Reflection Coefficients 
of Land and Sea at Small Grazing Angles, Pearl J. Ruben- 
stein and William T. Fishback, Division 14 Report. 478, 
RL, Dee. 11, 1943. CP-532-M1 
Further Measurements of 8- and 10-Cm Reflection Coeffi- 
cients of Sea Water al Small Grazing Angles, William T. 
Fishback and Pearl J. Rubenstein, OEMsr-262, Division 
14 Report 568, RL, May 17, 1944. CP-532.2-M4 
Ground Reflection Coefficient Experiments on X-Band, 
Case 20564, W. M. Sharpless, Report MM-44-160-250, 
BTL, Dec. 15, 1944. CP-532.1-M3 
Scattering, R. L. Eckersley, OSRD WA-2255-1f, JEIA 
3904, Report TR-481, BRL, November 1943. CP-512-M3 
Reflection and Scattering, T. L. Eckersley, OSRD WA- 
4002-12, Report TR-506, BRL, January 1945. 
CP-532.2-M5 


Chapter 5 


. The Almospheric Absorption of Microwaves’ (in Third 


Conference Report of CP), J. H. Van Vleck, Report 175 
(43-2), RL, Apr. 27, 1942. Div. 14-121.1-M4 
See also Third Conference, Nov. 16-18, 1944. CP-100-M4 


. Further Theoretical Investigations on the Atmospheric Ab- 


sorption of Microwaves, J. H. Van Vleck, OEMsr-262, 


Service Project AN-25, Division 14 Report 664, RL,. 


Mar. 1, 1945. CP-510-M8 


. Propagation of K/2 Band Waves, G. E. Mueller, Report 


MM-44-160-150, BTL, July 3, 1944. CP-511-M7 


‘ The Absorption of One-Half Centimeter Electromagnetic 


Waves in Oxygen, E. R. Beringer, OHMsr-262, Service 
Project AN-25, Division 14 Report 684, RL, Jan. 26, 1945. 
CP-510-M7 


. The Absorption of Atmospheric Water-Vapor in the K-Band 


Region, R. H. Dicke, R. L. Kyhl, A. B. Vane, and E. R. 
Beringer, Division 14 Report 1002, RL, Jan. 15, 1946. 
Div. 14-122.13-M5 


. An Aerial Investigation of K-Band Radar Performance 


under Tropical Atmospheric Conditions, R: S. Bender, 
A. E. Bent, and J. W. Miller, Division 14 Report 729, 
RL, Oct. 1, 1945. Div. 14-122.23-M6 


. Rotational Line Width in the Absorption Spectrum of 


Atmospheric Water Vapor and Supplement, Arthur Adel, 
OEMsr-1361, NDRC Division 14 Report 320, University 
of Michigan, Oct. 10, 1944; Supplement Feb. 1, 1945. 
(see also reference 2) CP-510-M6 


. Annalen der Hydrographie, M: Diem, Berlin, 70, 1942, 


pp. 142-150. 


. An Investigation on the Number and Size Distribution of 


Water Particles in Nature, Josef Mazur, F/Lt. Polish Air 
Force, OSRD II-5-6306(S), Report MRP-109, Meteoro- 
logical Research Committee, Great Britain, June 10, 1943. 

CP-511-M5 


10a. Provincetown Path, private communication from Donald 


E. Kerr and G. T. Rado of RL. 


10b. Measurements of the Attenuation of K-Band Waves by Rain, 


11. 


12. 


13. 


14. 


G. T. Rado, OFMsr-262, Service Project AN-25, Division 
14 Report 603, RL, Mar. 7, 1945. GP-511-M10 
Interim Report of the U. S. W. Panel Working Committee, 
Part I, Water in the Atmosphere, A. C. Best, JEIA 7607, 
Report AC-7375, MO-USW, Aug. 14, 1944. 

Interim Report of the U. S. W. Panel Working Committee, 
Part III, Attenuation of Centimeter Waves by Rain, Hail, 
and Clouds, J. W. Ryde and D. Ryde, JEIA 7607, Report 
AC-7375, USWP, Report 8516, GEC, Aug. 3, 1944. 
Polar Molecules, P. Debye, The Chemical Catalogue Co., 
New York, 1929. 

Summer Storm Echoes on Radar MEW, J. S. Marshall, 
R. C. Langille, William M. Palmer, R. A. Rodgers, G. P. 
Adamson, and F. F. Knowles, Report 18, CAORG, 
Nov. 27, 1944. CP-621.1-M2 


18. 


18a. 
18b. 


19. 


20. 


21. 


26a. 


38. 


39. 


529 


. The Effect of Clutter Fluctuations on MTI, H. Goldstein, 


Division 14 Report 700, RL, Dee. 27, 1945. 
Div. 14-263.1-M4 


. Annalen der Physik, G. Mie, 25, 1908, p.377. 
. Echo Intensities and Attenuation Due to Clouds, Kain, 


Hail, Sand, and Duststorms at Centimeter Wavelengths, 

J. W. Ryde, OSRD WA-81-25, Report 7831, GEC, 

Oct. 13, 1941. CP-511-M1 

Electromagnetic Theory, J. A. Stratton, McGraw-Hill 

Book Co., 1941. 

Tbid., pp. 563-573. 

Tbid., pp. 554-560. 

The Theory of Sound, Lord Rayleigh, McMillan and Co., 

Ltd., London, 1940. 

On Light Scattering by Spheres, Parts I and II, Leon 

Brillouin, OEMsr-1007, AMG-C 100 and 132, AMP 87.1 

and 87.2, December 1943 and April 1944. 
AMP-202-M2, M3 

Preliminary Report on the Dielectric Properties of Water 

in the K-Band, C. H. Collie, CL Mise. 25, CVD Report, 

May 1944. 


. Properties of Ordinary Water-Substance, N. E. Dorsey, 


American Chemical Society Monograph Series, Reinhold 
Publishing Corp., New York, pp. 350-373. 

Dielectric Properties of Water and Ice at K-Band, E. L. 
Younker, OEMsr-262, Service Project AN-25, Division 
14 Report 644, RL, Dec. 4, 1944. CP-522.1-M2 


. H. G. Houghton’s data reproduced in: Aeronautical Meteor- 


ology, G..F. Taylor, Pitman Publishing Corp., New York- 
Chicago, 1943. 


. Physics of the Air, W. J. Humphreys, McGraw-Hill Book 


Co., 1940. 

Third Conference on Propagation, Washington, D. C. [on] 
November 16 to 18, 1944, E. Dillon Smith, NDRC 
CUDWR-WPG, 1945. CP-100-M4 


.J. O. Laws and D. O. Parsons, National Research Council, 


Transactions of the American Geophysical Union, Part II 
1943, p. 452. 


. The Effect of Rain upon the Propagation of 1-Cm Electro- 


Magnetic Waves, Case 22098, S. D. Robertson, Report 
MM-42-160-87, BTL, Aug. 1, 1942. CP-511-M2 
Absorption of 1-Cm Radiation by Rain, M. G. Adam, R. A. 
Hull, and C. Hurst, Misc. Report 3, CVD-CL. 


. K-Band Radar Transmission, A Preliminary Report of 


Tests Made Near Atlantic Highlands, N. J. between 
December 1943 and April 1944, G. C. Southworth, A. P. 
King, and S. D. Robertson, Report MM-44-160-115, 
BTL, May 19, 1944. CP-202.2-M1 


. The Effect of Rain on the Propagation of Microwaves, 


Case 22098, A. P. King and S. D. Robertson, Report 
MM-42-160-93, BTL, Aug. 26, 1942. CP-511-M3 


. Calibration and Operational Tests of AN/CPS-1 (MEW), 


Army Air Forces Board Project (M-3)-9, Mar. 30, 1944. 


. Radar Echoes from Atmospheric Phenomena, A. E. Bent, 


Division 14 Report 173(42-2), RL, Mar. 13, 1943. 
CP-621.1-M1 


. A. E. Bent, RL, unpublished report, Feb. 29, 1944. 
. Radar Echoes from Clouds of Water Droplets, ¥. Hoyle, 


Report AC-7930, USW 128, Mar. 16, 1945. 


. A. J. F. Siegert, RL unpublished, 1943. 
. Interim Report of the U.S.W. Panel Working Committee, 


Part II, The Altenuation of Centimeter Waves by Atmos- 
pheric Gases, J. M. Hough, JEIA 7607, Report AC-7375, 
USW, July, 1944. 

Interim Report on Experiments on Ground Reflection at a 
Wavelength of 9 Cm, L. H. Ford, JEIA 4899, Report 
RRB/C-101, DSIR, July 7, 1944. 

The Dielectric Properties of Water in the Temperature 
Range 0° C to 40° C for Wavelengths of 1.24Cm and 1.68 
Cm, J. A. Saxton and J. A. Lane, JEIA 9811, Report 
RRB/C-116, DSIR, Mar. 7, 1945. 

The Anomalous Dispersion of Water at Very High Radio 
Frequencies in the Temperature Range 0° C to 40° C, 


530 


J. A.Saxton, JEIA 9812, Report RRB/C-118, NPL-DSIR, 


BIBLIOGRAPHY 


8,330 and 9,850 Mc/s, J. A. Saxton, Paper RRB/S-11, 


Apr. 6, 1945. CP-522.11-M3 NPL-DSIR, June 14, 1943. CP-522.12-M3 

40. A New Method for Measuring Dielectric Constant and Loss 47b. The Dielectric Constant and Absorption Coefficient of Water 
in the Range of Centimeter Waves, S. Roberts and Arthur R. Vapour for Radiation of Wavelength 1.6 Cm, Frequency 
von Hippel; Wave Guides with Dielectric Sections, L. J. 18,800 Mc/s, J. A. Saxton, Report RRB/S-17, NPL- 
Chu, Report 102, MIT, March 1941. CP-521-M1 DSIR, Apr. 22, 1944. 

41. The Measurement of Dielectric Constant and Loss with 48. The Relation between Absorption and the Frequency De- 
Standing Waves in Coaxial Wave Guides, Arthur R. von pendence of Refraction (Fourth Conference), J. H. Van 
Hippel, D. G. Jelatis, and W. B. Westphal, OKMsr-191, Vleck, Division 14 Report 735, RL, May 26, 1945. 
NDRC Division 14 Report 142, Laboratory for Insulation Div. 14-122.24-M4 
Research, MIT, April 1943. CP-521-M4 Cc 

42. Auxiliary Equipment for the MIT Coax Instrument and hapter 7 
Tts Use, Arthur R. von Hippel, D. G. Jelatis, W. B. 1. Possible Measurement of Radar Echoes ln 
Westphal, M. G. Haugen, and R. E. Charles, ORMsr-191, Ta gaa SW AM oudenric ate DML Wee UD eT 
NDRC Division 14 Report 210, Laboratory for Insulation Report 196 (43-24), RL, Mar. 4, 1943 j 
Research, MIT, Nov. 1, 1943. Div. 14-131.2-M1 "Diy. 14-122.113-M5 

43. T. A. Taylor and Willis Jackson, Ministry of Supply, 2. The Theory of Random Processes, G. E. Uhlenbeck, Divi- 
Ge Rept ae an i : sich 14 Report 454, RL, Oct. 15, 1943. Div. 14-125-M7 

44. “The Dielectric Dispersion and Absorption of Water an 3. On the Fluctuations in Signals Returned by Man = 
Some Organic Liquids,” W. P. Connor and C. P. Smyth, pendently Moving Seater A. J. F. Siege! Mea 
Journal American Chemical Society, 65, 1943, pp. 382-389. Report 465, RL, Nov. 12, 1943. Div. 14-122.113-M7 

45. Progress Report on Ultra High Frequency Dielectrics, 

Arthur R. von Hippel, OEMsr-191, NDRC Division 14 Chapter 8 
Report 121, Laboratory for Insulation Research, MIT, 

January 1943. CP-521-M2 1. Measurements of the Angle of Arrival of Microwaves in the 

46. R. Dunsmuir and J. Lamb, Ministry of Supply, 287/ X-Band, Case 20564, W. M. Sharpless, Report MM-44- 
Gen/35, DSR Report 61, Department of Scientific Re- 160-249, BTL, Nov. 7, 1944. 
search, Mar. 5, 1945. 2. Ground Reflection Coefficient Experiments on X-Band, 

47a. The Dielectric Constant and Absorplion Coefficient of Water Case 20564, W. M. Sharpless, Report MM-44-160-250, 


Vapour for Wavelengths of 9 Cm and 3.2 Cm, Frequencies 


BTL, Dec. 15, 1944. CP-532.1-M3 


GENERAL BIBLIOGRAPHY OF REPORTS ON 
TROPOSPHERIC PROPAGATION 
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This Bibliography is a comprehensive tabulation of the body of scientific reports pertaining to wave propagation through 
the troposphere, compiled by the Columbia University Wave Propagation Group to about October 31, 1945. For convenience 
and clarity it has been divided into twenty sections, each dealing with a particular phase of propagation phenomena. The 
various headings are self-explanatory, and the list of sources and their abbreviated designations, which precede the Bib- 
liography proper will be found helpful. 

In preparing the Bibliography, about 560 papers were considered. Of these, 115 were excluded as obsolete, or because their 
contents were included in other reports retained. An additional 46 papers dealing with doppler effect and the transmission 
of sound in water were also excluded as not directly relevant. It is believed that the approximately 400 titles included form 
a fairly exhaustive compilation of present knowledge of electromagnetic wave propagation through the troposphere. 

The reports are grouped and a Bibliography number has been assigned to each report. The letter to the right of the Bibliog- 
raphy number designates the present United States security classification. 

Requests for copies of the reports listed herein may be made by Bibliography number referring to this edition, but should 
be made through the proper channels. The Central Radio Bureau is the distributing agent for American reports in Great 
Britain and for propagation reports originating in Great Baddow, Chelmsford, England. All other British reports may be ob- 
tained from the British government department controlling the sources. 

The OSRD Liaison Office will, upon request, supply readers in the United States who are not in the Armed Services with 
all reports originating outside of the United States. They will supply Army and Navy units with all except JEIA-numbered 
reports. Requests for the latter should be directed to the Joint Electronics Information Agency, Munitions Building, Wash- 
ington, D.C. 

In general, application should be made to the NDRC Chairman’s Office for reports written by NDRC Divisions, Committees, 
or contractors, NDRC Section 6.1 being the present exception; to the Bureau of Ships for reports from Naval Research Lab- 
oratory, Navy Radio and Sound Laboratory, and all reports appearing in Section 20 of the Bibliography (Under-Water Sound 
Propagation); to the Office of the Chief Signal Officer for Signal Corps reports; to Inter-Service Radio Propagation Laboratory, 
Bureau of Standards for IRPL reports. Requests for case-numbered BTL reports should be sent to the Director of Research, 

' Bell Telephone Laboratories, 463 West Street, New York, N. Y. 
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